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THE BOTTOM OF THE BOTHNIAN BAY 
Geomorphology and sediments 
Paavo Tulkki 1) 
Abstract 
The geomorphology and sedimentology of the Bothnian Bay (the northern-
most part of the Baltic Sea) are described on the basis of data obtained by 
echo-sounding and sampling. The glacial morphology manifests itself as 
orientation of depressions and ridges including eskers. The postglacial land 
uplift has altered the geomorphology of the basin and caused the sediments to 
redeposit. The redeposition is reflected by such features as the levelling of 
eskers, which occurs when the bottom rises and comes under the influence of 
littoral processes. One deep-lying esker was assumed to exhibit its primary 
features. 
The types of recent sediments and the corresponding map are given. Char-
acteristic of the Bothnian Bay is the sparse clay fraction due to intense mixing 
of the water and inhibited sedimentation. Some of the finest matter is trans-
ported as suspension out of the Bay by the net southward flow of water. Silt, 
the main fine fraction, deposits on the littoral depressions and the bottom of 
the central Bothnian Bay. The surface area of active sedimentation covers 
one half of the total area. Sand and till bottoms occur in the same sites as the 
most intense water movements and are also associated with the corresponding 
occurrences on the coast. The topmost layer of till has undergone sorting, 
and the deposits can be recognised as till mainly on the basis of the topography. 
The deepest till bottoms are covered by silt and they often contain iron man-
ganese nodules. In places sand-covered silt bottoms are encountered between 
the erosion and accumulation floors. The amount of sediments deposited 
since the Ice Age was estimated and found to be larger than suggested by 
the amount of solids discharged by the rivers. The products of littoral processes 
and the redeposition caused by land uplift are at least partly responsible for 
the surplus of postglacial sediments. 
1) Present address: National Board of Waters 
Box 250, SF-00101 Helsinki 10 
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1. INTRODUCTION 
Bathymetric mapping, particularly in its navigational applications, is not a new 
subject in Finland. By the turn of the century the geomorphology of the sea around 
Finland had been largely investigated. Systematic echo-sounding of the sea floor of 
the present research area, the Bothnian Bay (Figs. 1 and 2), got underway in Finnish 
waters in the 1960s and is now almost complete. This survey is being carried out 
by the Board of Navigation and has markedly increased the scope of morphologic 
knowledge. The present study using depth data is largely based on information 
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Fig. 1. Location of the study area. 
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gathered on board the research vessel Aranda in 1956-1972. A total of 10 000 km 
of survey tracks were covered (Fig. 3). 
In the 1950s knowledge of submarine bedrocks was still primarily the outcome 
of observations of erratics found along the sea shore. Boulders have been encountered 
on the coast of the Gulf of Bothnia that differ from those on the mainland and it 
has been concluded that they were transported from the bottom of the sea during 
the Ice Age. With the advent of echo-sounding techniques, Finnish geologists and 
geographers began to show a heightened interest in the study of the sea bed, particu-
larly when the research vessel Aranda, equipped with sampling facilities, came into 
use. Seismic reflection profilers, first employed in Finland in the 1970s, have further 
enhanced the potential of geologic research. Improved survey techniques mean a 
decisive accumulation of data on submarine bedrock and sediments, so much so that 
nowadays the distribution of the bedrock and sediments is fairly well established for 
the whole of the Bothnian Sea, and for part of the Bothnian Bay. 
1.1. PREVIOUS INVESTIGATIONS 
In 1930, Renqvist published a bathymetric map of the Bothnian Bay, compiled 
on the basis of the first systematic echo-sounding performed in Finnish waters. 
The nautical charts in use today, except for those for coastal areas, still rely on that 
data (cf. Fig. 4). On the basis of his data, Renqvist constructed a hypsographic curve 
(Fig. 5) for the Bothnian Bay. This demonstrated that the slopes are gentle near 
the coast but that between depths of 40 and 70 m the bottom descends more steeply 
and between 70 and 90 m it levels out somewhat. Renqvist did not discover the 
deepest part of the Bothnian Bay, which, according to the data presented in this 
study, is at 147 m. 
Renqvist also applied himself to some morphological details, such as the fact 
that the esker of Lohtaja extends seaward from the Finnish mainland to the coast 
of Sweden from where it continues inland as the Piteå esker. He also noted that 
some river beds seem to continue on the sea floor; he stated that »here we probably 
have to do with crevasses, or fissures cleared by the ice, possibly also with indica-
tions of eroded »Urstromtäler». 
The echo-sounder used by Renqvist in 1927-1929 yvas slower than those used 
nowadays but even so it was a great improvement on the manual sounding used 
before. His ship sailed at nine knots and the echo-sounder allowed 20 to 30 soundings 
to be taken per hour. Renqvist compiled his chart on the basis of 6 055 soundings. 
In 1934, Gripenberg published a valuable and methodically significant study on 
the sediments of the Gulf of Bothnia, the Gulf of Finland and the northern, Baltic 
proper. Her material contained samples from 19 stations in the Bothnian Bay. She 
observed that the sediments in the depressions are well sorted and that the average 
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grain size of the finest sediments (clay and silt) is larger in the Bothnian Bay than 
in other parts of the Baltic Sea. 
The average C/N ratio is higher in the Bothnian Bay than elsewhere in the Baltic 
Sea, a feature that Gripenberg attributed to the abundant humus-bearing water 
discharging from the extensive peatlands in the drainage area of the Bothnian Bay. 
Gripenberg also noted that the amount of organic matter decreases downwards in 
the surficial layer of the postglacial sediments in the Bothnian Bay, but increases 
elsewhere in the Baltic Sea. Correspondingly, the fine-grained sediments darken 
with depth, but in other places, e.g. the Gulf of Finland, they lighten. Gripenberg 
postulated that the light colour of the bottom surface in the Bothnian Bay is due 
to the persistently high oxygen content in the nearbottom water. 
Gripenberg (1934) maintained that the central parts of the Bothnian Bay acted 
as centres of accumulation. Here the currents form an extensive and slowly moving 
eddy that receives fine organic matter drifting in from the off-shore waters. Biologic 
production in the Bothnian Bay itself is limited, however, and the main source of 
the organic substance that accumulates on the sea floor is of terrestrial origin, as is 
suggested by the high C/N ratio. 
2 17271-76 
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In 1969, Veltheim published his study on the bedrock of the Bothnian Bay. His 
conclusions were based on rock samples collected from the sea floor and the shore, 
supplemented by samples from holes drilled into the sedimentary rocks of the Muhos 
formation. On the island of Hailuoto and on the mainland near Oulu the bedrock 
is composed of a sandstone-silt complex deposited on a depression in the bedrock. 
According to Veltheim, sandstone frequently occurs as boulders and pebbles on the 
bottom of the Bothnian Bay as an integral part of a coarse-grained sediment. In all 
likelihood, sandstone also occurs in situ close to the surface of the bottom, a fact 
that has bearing on the distribution and grain size of the present sediments. Even 
so, the main constituents of the bedrock under the Bothnian Bay are Archean, crystal-
line rocks analagous to those that occur in coastal areas. 
Veltheim (1962) has published a study dealing with the bedrock of the Bothnian 
Sea, and Winterhalter (1972) an investigation on the bedrock and recent sediments 
in the same area. Both of these offer exellent reference material for studies on the 
Bothnian Bay, since the marine areas are very alike and are separated from one 
another only by the sill of the Quark. 
Winterhalter (1966) has also investigated the iron manganese concretions in the 
Gulf of Bothnia and the Gulf of Finland. His study includes 44 sedimentary samples 
from the Bothnian Bay. In terms of iron and manganese abundances, the concretions 
in the Baltic Sea are intermediate, that is, they fall between those encountered in 
lakes and those encountered in oceans. They seem to be more abundant in the Both-
nian Bay; nearly half of the samples from the Bothnian Bay but less than one third 
of those from the Bothnian Sea contained concretions. Winterhalter concludes that 
about 10 to 20 percent of the surface of the sea floor around Finland is more or less 
covered by iron manganese concretions and that the most abundant occurrences are 
in the middle of the Bothnian Bay. 
Ignatius (1958b) has established a general sequence for the late Quarternary sedi-
ments in the Baltic Sea that has proved to be valid for those in the Bothnian Bay 
as well. 
1.2. THE BASIS AND AIM OF THE STUDY 
Since 1954, a variety of hydrographic studies have been carried out on RV Aranda. 
When the ship is underway the echo-sounder is kept on systematically for the gather-
ing of geologic information from the bottom. All the echo-sounding data are stored 
at the Geological Survey (Fig. 3). The Bothnian Bay material, collected in connection 
with geologic mapping under the surveillance of Dr. Ignatius, has been at the 
author's disposal. In the first years, the results suffered somewhat from in-
accuracies in positioning; the provisional Decca navigation system was not established 
in the area until 1961 and the stationary one until 1962. Since, however, accurate 
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positioning is one of the aims of the research vessel, the mapping of the sediments 
may be considered satisfactory. 
The echograms of the Board of Navigation have played a large part in establishing 
the morphology of the bottom of the Bothnian Bay. The area they cover was extended 
during the 1960s and it now encompasses the major part of Finnish part of the study 
area. Nevertheless, the echo-sounding data of the Board of Navigation are not suited 
to studying the structure of the sea floor, and this was established by using the data 
collected on board the Aranda. 
Owing to the large size of the area, a closely spaced echo-sounding grid could 
not be constructed with the aid of the Aranda and the maps had to be drawn on small 
scale. Further, it was not possible to subdivide the sediments into as many classes 
as on the mainland. The sedimentary map constructed by means of echograms and 
control samples may be compared with soil maps compiled from aerial photographs. 
To date, a sedimentary map of the Gulf of Bothnia has been published (Ignatius & 
Tulkki 1970 and Ignatius, Kukkonen & Winterhalter 1970) as well as preliminary 
data on the geomorphology and sedimentation of the bottom of the Bothnian Bay 
(Tulkki 1976). 
The present study is an attempt to describe, largely on the basis of echo-sounding 
data, the morphology and sedimentology of the floor of the Bothnian Bay. Also 
discussed are the origin of the unconsolidated sediments of the bottom, their mode 
of deposition at their present sites, and current sedimentation conditions. Specially 
emphasised is the correlation between topography and sedimentation. A sediment 
map of the Bothnian Bay is also given. 
2. METHODS 
2.1. ECHO-SOUNDING DATA 
Most of the data on \vhich the present study is based were collected by echo-sounder (»Atlas 
Vermessungslot 646 spez.») aboard the RV Aranda, which allows the determination of the thickness 
of a silt or clay deposit overlying sand, gravel or bedrock. The equipment can be operated at 
two ultrasound frequencies, 15 and 80 kHz, which can be used either separately or together. The 
latter is preferable because it gives more information. The sound with a shorter wavelength is reflected 
from the surface of a soft sediment and thus indicates its depth. The sound with a longer wave 
length penetrates deeper into clay and silt sediments and gives information on the thickness of 
the bed, variations in density and possibly also the profile of the compacted sediment or bedrock. 
Under favourable conditions, it has been possible in the Bothnian Bay to measure silty deposits 
15 to 20 m thick and to obtain information concerning the variation in density. Echo-sounders 
cannot, however, penetrate the till, but information on the depth and morphology of the till 
surface is usually obtained. The till bed conforms as a rule roughly with the topography of the 
bedrock. Therefore, information on the bedrock can also be obtained. It is difficult to study the 
relief of the bedrock in those places where the sediments are too thick to allow the echo-sounder 
to penetrate, but even here, the broad features of the bedrock can still be roughly delineated. 
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Fig. 3. Echo-sounding profiles, recorded aboard the R/V Aranda. 
Other advantages and disadvantages of echo-sounding in bathymetry and the study of sediments 
are given in the following selection (cf. e.g. King 1967): 
— Sedimentary areas can be mapped more accurately than by employing sampling alone, because 
the contacts are visible on echograms. 
— Not only sediment data, but also stratigraphic relations and topography are revealed, which 
facilitates the interpretation of sedimentary types. 
— Differences in depth smaller than the sound wavelength cannot be detected (in theory 2 to 
20 cm). 
— The imagery of the shapes of the bottom and the sediments depends on the angle of the sound 
beam — the narrower the beam, the sharper the image. If the angle of the beam is 200, it 
covers at a depth of 200 m a circular area of 4 000 m2 and at a depth of 50 m an area of 250 m2. 
Details picked up by the beam that are smaller than the diameter of the beam remain blurred. 
— The vertical error depends on side echos, that is, on disturbances due to adjacent vertical 
surfaces on the bottom. 
—'The rocking of the vessel and its vertical movement produce a sawtoothed disturbance in 
the echogram, since from time to time the sound is directed obliquely towards the sea floor 
and thus travels farther than the shortest distance betveen vessel and bottom. 
— A steep slope produces no echo. 
— A hard bottom or a bottom containing gas bubbles produces a double or triple echo, sometimes 
even more numerous echoes. In this case, the echo returning from the bottom is reflected 
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off the underpart of the vessel after which it once more travels to the bottom of the sea 
and back. The bottom is recorded on the echogram in several places, each twice as deep 
as the image produced by the original or previous echo. The phenomenon can be used 
to assess the nature of the sea floor (cf. Kukkonen 1973). 
— Echo-sounders of different type or with different tuning produce dissimilar echograms, 
which makes it difficult to draw comparisons between areas. 
— Owing to difference in the density of water and sediment there is also a slight difference in the 
depth scales of water and sediment on the echogram. 
»Hard» bottoms containing coarse material are clearly distinguishable from »soft» bottoms 
composed of silts and clayey silts with organic substances. Furthermore, it is possible to recog-
nise the bottom type, common in this area, that contains iron and manganese concretions. Till 
floors are recognisable mainly on the basis of surface topography and the structure of the floor. 
Also identifiable are combinations such as a soft bottom overlain by a thin sand or silt layer or 
by sediments in which the clayey silt and silty sand fractions alternate vertically or horizontally. 
If it is not possible to identify the type of bottom recorded by the echo-sounder it can be established 
by taking samples. 
To map the till and clarify the geomorphology, other data besides sediment types were recorded; 
these included the depth and thickness of the occurrences of soft sediments, observations on relative 
depth differences, currents and the type of topography. 
2.2. BOTTOM SAMPLES 
Samples were taken from the sea floor by means of van Veen and Petersen samplers. These allow 
the extraction of a sample 20 to 30 cm thick from an area of 0.1 m2 if the floor is soft. If the 
floor consists of compacted clay, sand or gravel the sample is thinner. A few samples were taken 
from soft floor by means of a Ziillig sampler, with which the sample is introduced into a glass 
or acrylic plastic tube, and which allows a longer and comparatively undisturbed sample to be 
extracted from a soft floor. Fairly undisturbed samples from the floor surface can also be obtained 
by means of van Veen and Petersen samplers, provided that the floor is soft and that the sampler 
is opened with care. 
The grain sizes of the bottom samples were determined by applying the routine methods 
used in the laboratory of the Geological Survey. 
2.3. NAUTICAL CHARTS 
The nautical charts compiled by the Nautical Chart Division of the Board of Navigation contain, 
not only bathymetric data, but also information pertinent to the nature of the sea floor, which 
had been obtained during manual sounding from samples left in the hole in the bottom of the 
lead. Thus, entered on the charts are markings that indicate the various types of sea floor: bedrock, 
boulder, gravel, sand, clay, silt and gyttja. The general chart of the Bothnian Sea is at a scale of 
1 : 350 000 (Nautical Chart No. 3), but those of the coastal areas (Nos. 42, 47 and 51 to 59) are 
at a scale of I : 50 000. 
Since the 1960s the Board of Navigation has been carrying out systematic echo-sounding on 
the basis of Finnish base maps (1 : 20 000). In these the depth values are very closely spaced 
along the lanes of the Decca grid. The Board of Navigation has placed these charts, as they are 
completed, at the disposal of the author. They indicate accurately the topography of the sea floor 
and are an excellent aid to the mapping of sediments. 
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The nautical charts of the coast of Sweden are at a scale of 1: 50 000; six of them cover the Swedish 
portion of the Bothnian Bay. They contain information on boulder, gravel, sand, clay and silt floors. 
The information on the nautical charts concerning the type of sea floor is somewhat inaccurate, 
but even so the charts have proved their worth, particularly within those areas from which the author 
collected only limited amounts of data. The largest of these areas are located on the coast in places 
inaccessible to vessels of the size of Aranda. 
3. THE GEOMORPHOLOGY OF THE BASIN 
3.1. DIMENSIONS 
Renqvist (1930) has calculated some dimensions for the Bothnian Bay on the 
basis of his echo-sounding and other data. In the following, his findings are given 
together with some additional information: 
— The length of the basin between the sill of the Quark and Tornio is 315 km 
(170 n.mi) 
— The width of the basin between Kokkola and Bjurö is 85 km (45 n.mi) 
— The maximum width of the basin between Liminka and Råneå is 180 km 
(97 n.mi) 
— The average depth is 43 m 
— The maximum depth is 147 m 
— The sill depth is 25 m 
— The surface area is 36 500 km2 
— The volume is 1 530 km' 
The surface area of the Bothnian Bay is about 10 percent of that of the Baltic Sea, 
and its volume is about 8 percent (ICES 1970). The maximum depth of the Bothnian 
Bay is often given as 126 m in the literature (e.g. ICES 1970); on the nautical charts 
depths of 128 m, 135 m and 139 m are marked off Bjuröklubb. Aboard the Aranda, 
however, a depth of 147 in was measured several times by echo-sounder and by the 
wires of the sampler in a long basin bounded by coordinates 65°06N 23°17'E and 
65°12'N 23°12E. 
Renqvist calculated the areas between the bathymetric contours at intervals of 
10 m. Although the new bathymetric map and the corresponding hypsographic 
curve (Fig. 5) are not quite compatible with the map and hypsographic curve by 
Renqvist, his data describe reasonably well features of the Bothnian Bay. 
The shallow zone above 40 m comprises 58 percent of the total surface area. 
The areas between depth intervals of 40 and 80 m are smaller than those either above 
or below, and those between 80 and 90 m are comparatively large. The areas of the 
deepest portions are small, which suggests that they are depressions with compara-
tively steep walls. 
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Fig. 4. Bathymetric map of the Bothnian Bay according to Renqvist (1930) and Ignatius & Tulkki 
(1972). 
3.2. THE ORIGIN OF THE BASIN 
The Baltic Sea proper forms an extensive geosyncline between the Fennoscandian 
Shield and the mountain ranges of Central Europe, This basin was already in existence 
in the early Paleozoic and was filled completely with Paleozoic sediments. In the 
Tertiary, an extensive plane or trough developed in the northern part of the basin 
at the time of the rise of the Scandinavian mountain range. The situation is the same 
today. Fractures, cut into the bedrock around the Gulf of Bothnia, radiate towards 
16 
% 10 20 30 40 50 60 70 80 90 100 
I 	I 	I 	I 	I 	I 	I 	I 	I 
	 m 
7 
20 
40 
60 
80 
100 
120 
140 
Fig. 5. Hypsographic curve for the Bothnian Bay according to Renqvist 
(1930, dashed line) and according to the bathyrnetric map by Ignatius 
& Tulkki (1970). 
the depression occupied by the Gulf. These valleys are particularly characteristic of 
the periphery of the Bothnian Bay although some of them continue for some distance 
under the present sea towards deeper waters. In the Quarternary, the Fennoscandian 
shield underwent intense erosion, during which the Bothnian Bay and the Bothnian 
Sea probably controlled the movement of the advancing ice. Hence, three principal 
directions of glacial movement have been established in the area: 285° to 300° (oldest), 
325° to 340° and 345° to 3600  (youngest) (Hyyppä 1948, Okko 1949) and in the Quark 
area also 45° to 60° (Okko 1964 and Ignatius, verbal note). 
Although unanimity has been reached as to the age of the basin of the Bothnian 
Bay, the role of tectonic events and glacial erosion in the deepening of the basin is 
still a source of conjecture. It is sure that the glaciations shaped the basin yet further 
by eroding the bedrock, and by transporting and accumulating the drift. This has 
been demonstrated by the boulder studies referred to earlier, according to which 
boulders were transported from the Bothnian Bay to the coast of Finland (Laitakari 
1942, Mikkola 1949, Nykänen 1959 and Veltheim 1957 and 1969). The predominant 
direction in which the erratics travelled was NW-SE (Okko 1949). 
Current opinion has it that during the Ice Ages the bedrock was eroded to a depth 
of only a few metres or some tens of metres at the most, mainly at the most elevated 
sites. It has been estimated that in Finland the average abrasion was seven metres 
(Okko 1964). The Preglacial valleys are well preserved and exhibit only mild wear 
(Hiirme 1961). Veltheim (1962) and Winterhalter (1972) have pointed out that fns- 
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siliferous Cambrosiluric sandstones occur on the floor of the Bothnian Sea in their 
primary position overlying the Archean bedrock. Further, Veltheim (1969) has 
noted that in the Bothnian Bay there is probably an area occupied in situ by older 
Jotnian sandstone analogous to that established on the island of Hailuoto as a bed 
hundreds of metres thick. Since these rocks have been eroded away from 
the surrounding mainland areas, apart from two occurrences in depressions on 
the coast, it can be assumed that Preglacial erosion or erosion due to Ice Ages, 
or both, was less intense on the bottom of the Bothnian Bay than on the mainland. 
In this context, however, it should be noted that both east and west of the Bothnian 
Bay the topography exhibits a distinct NW-SE orientation, which shows up in the 
river valleys in particular, thus demonstrating that the erosion was directed especially 
at valleys trending in this direction. A similar orientation is recognisable in the shape 
of the floor of the Bothnian Bay, where some of the NW-SE trending river valleys 
on the coast continue as underwater canyons (Oulujoki, Luleäly, Piteäly, Slcellefteäly, 
Fig. 15). It is obvious that, in depressions and bedrock fractures trending in this 
direction, glacial erosion was marked in the Bothnian Bay area as well. 
Part of the peneplane of the coast of the Bothnian Bay and its marine extension 
is Subcambrian in age, as suggested by Rudberg (1954) and others. According to 
Rudberg, west of the Bothnian Bay, between the coast and the Keel mountain range, 
there are 13 denudation cycles arranged in steps one above the other. The four 
lowest and closest to the coast have been bent downwards and Rudberg postulates 
that they are fragments of the Subcambrian surface. The most extensive of them is 
located in Sweden northwest of the island of Holmö from where it continues across 
the Bothnian Bay to the Finnish mainland. It is Rudberg's opinion that the Cam-
brosilurian sediments were eroded away from the area relatively recently, a supposition 
supported by the studies of Veltheim referred to previously. Even before Veltheim, 
Gripenberg (1934) had assumed that Cambrosilurian deposits could have survived 
in the Gulf of Bothnia. Rudberg further maintains that it is possible that in the 
Bothnian Bay there may still be one generation produced by fluvial denudation under 
the present sea level; this is suggested by the extensions of the riverbeds mentioned 
previously (cf. Fig. 15). The valleys of the rivers Oulujoki, Slcellefteäly and Piteäly 
all continue at least to depths exceeding 60-80 metres. (The Luleäly extension in 
the sea seems to have had a different evolution, cf. p. 28). 
Tanner (1938: 230) is of the same opinion and states: »In der seichteren Teilen 
dieses Senkungsfeldes [Bothnian Bay] Linden sich ebenfalls Spuren von Landskulptur 
vor, z.B. setzen sich die grässen Täler auf Schwedische Seite ein gutes Stuck unter der 
Meeresoberfläche weiter fort; man kann hieraus schliessen, dass das Bottenmeer 
zur Zeit der Anlage dieser Täler Heiner gewesen ist als jetzt.» 
In Finland, the shapes of the riverbeds and the topography of the intervening 
terrain are such that Tanner (1938: 233-235) concluded that the rivers east of the 
Bothnian Bay flow in Preglacial valleys. These valleys were covered by Paleozoic 
sediments but later they were re-exposed and the denudation of the bedrock continued. 
3 17271-76 
18 
The depression occupied by the Muhos sedimentary rocks south and southeast 
of Oulu is an outstanding feature in the geology of the basin of the Bothnian Bay. 
Located along the lower course of the river Oulujoki, this depression was later found 
to extend as far as Hailuoto. The Muhos formation is completely overlain by thick 
beds of Quatternary deposits and thus its extension was not established until fairly 
recently, largely on account of studies conducted by Veltheim (1969). 
Owing to its depth, the Muhos dislocation is a rare phenomenon in the Fenno-
scandian shield. Drilling performed on the coast at Tupos revealed the bedrock at 
a depth of 977 m (Kalla 1960). This depression in the bedrock is filled with sandstone, 
siltstone and shale deposits with an age of 1 300 Ma (Simonen 1960). They derive 
from the erosional products of the Karelian mountain range in the same area (Simo-
nen 1964: 123). Veltheim (1969) demonstrated, on the basis of drilling, seismic 
sounding and erratics sampled on the coast, that the Muhos formation is encountered 
not only at the site of the island of Hailuoto but that it also occurs io si/ll at the bottom 
of the Bothnian Bay off Raahe. The bedrock on Hailuoto was met with in the 
southwestern part of the island at a depth of 100 to 150 m; in the northeastern 
coiner the corresponding depth was 400 to 500 m. The Muhos formation tends to 
begin with conglomerate overlain by sandstone and shale deposits with 35 to 60 m 
sand on the top. 
The survival of the soft rocks can be attributed to their protected position in 
bedrock in a depression that was not submitted to glacial erosion as intensely as 
was the environment. 
Rudberg (1954: Fig. 1) assumes on his map that the Muhos formation continues 
along the bottom of the Bothnian Bay almost to the coast of Sweden. It should be 
mentioned that in the extension of the northern boundary of the formation and in the 
contact between the rock types given by Rudberg there is a long and narrow depres-
sion near the island of Malören. 
3.3. SPECIFIC GEOMORPHOLOGICAL FEATURES 
As demonstrated by the map (Fig. 4), the longitudinal axis of the Bothnian Bay 
basin trends approximately N35°E. It is narrow in its southern part but widens at 
the line Ohtakari—Skellefteå. There are practically no islands on the coast of Finland 
except between Jakobstad and Kokkola, and, unlike the western coast, it is compara-
tively rectilinear; the most extensive archipelago in the Bothnian Bay is located in the 
north between Tornio and Piteå. The largest islands are Luoto and Hailuoto to the 
east and Seskarö, Hindersö, Rånö, Bergö, Germandö, Sandö and Holmö to the 
west and north. East of the Bothnian Bay the terrain is flat and lowlying, but in the 
west it is higher, with larger variations in elevation. Most of the shallows in the 
Bothnian Bay (0 to 40 m) are located in the northeastern corner of the Bay, where 
depths of less than 20 m are encountered as much as 30 nautical miles from the 
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shore. Another shallow zone extends towards the centre of the Bothnian Bay off 
Piteå—Luleå in the Swedish archipelago and as a southward extension of the archi-
pelago. The shallow zone is at its narrowest on the western coast between Holmö 
and Piteå, where the 40 m depth contour is no farther than 4 to 8 nautical miles 
from the shore. The eastern coast, between the Quark and Raahe, descends gradually 
as a continuation of the Finnish mainland with a few gently sloping elongated depres-
sions and ridges perpendicular to the shore. The entire southern part of the basin 
from the Quark to the Jakobstad—Holmö line is shallower than 40 m and the topo-
graphy is fairly flat (variation in elevation from 10 to 15 m) like that of the surround-
ing mainland. 
The basin of the Bothnian Bay is composed of two parts (Fig. 4). The deepest 
portions of the southern sub-basin are located around Bjuröklubb, where large 
areas exceed 100 m in depth. The southern depression is separated from that in the 
north by a ridge rising to a depth of 50 to 70 m. The general trend of the northern 
depression is north-south and thus it differs from that of the Bothnian Bay basin. 
This orientation is particularly emphasised by the 60 and 80 m depth contours as 
well as the narrow 100 m depression at the northernmost margin. 
The deepest macrorelief trends north-south, whereas the basin of the Bothnian 
Bay as a whole trends about N35°E. In addition to these topographic trends, the 
relief of the floor of the Bothnian Bay exhibits, perpendicular to the longitudinal 
axis of the basin, a more detailed trend (N50-55°W) that is manifest in the orienta-
tion of the coastal line and in the trends of almost all the depth contours. This trend 
is also visible in the canyons crossing the northern depression, which is the site of 
the deepest spot in the Bothnian Bay. The same trend is likewise common in the 
topography of the mainlands of Finland and Sweden, and coincides with fracture 
trend II described by Tuominen et al. (1973), which is one of the major tectonic 
trends in the Baltic Shield (cf. Talvitie 1974), and is the same as the direction of the 
advance of the ice sheet in the northern Bothnian Bay. 
This canyon, which crosscuts the northern depression, is located between Raahe 
and Luleå. Close to the coast of Finland it has an extension, a small elongated ravine, 
indicated by the 60 to depth contour. The narrow offshore depression shown by the 
100, 80, 60, 40 and 20 m depth contours is a continuation of the canyon in 
Swedish part. The same orientation is visible in the river valley of the Luleäly, an 
extension of the depression. A long fracture zone, which can be traced across Finland 
to Ladoga (Marmo 1959), starts near Raahe, and exhibits the same trend as that 
of the depression zone between Luleå and Raahe. The fracture and depression 
zone that goes from Ladoga through the Bothnian Bay to Swedish Lapland has a 
total length of 800 to 900 km. 
The morphological features described above are reflected in the distribution of 
the sediments, as will be demonstrated later. The fact that the surface areas between 
the depth contours of 40 to 80 m decrease, only to increase again deeper down, in-
dicates that in the basin of the Bothnian Bay, beyond the shallow coastal zone, there 
J 
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is a steeper slope that levels off to form the deep bottom in which some smallish 
depressions have been noted. 
These features, discussed in the earlier description of the basin of the Bothnian 
Bay, are readily localised by examining the bathymetric map. 
The steeper slope at the intermediate depth is. not so apparent on the bathymetric 
map as are the shallow coastal areas, the deep and flat-lying sea floor and the deepest 
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Fig. 6. Topography of the sea floor northwest of Hailuoto on rnapsheet 2513 06 
showing the location of one of the terraces of Fig. 7. The depth contours 
from 58 to 76 m at intervals of 2 m. Short strokes indicate downward gradient. 
(Based on Decca coordinates). 
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ravines. Even so, the descent from 40 to 80 m is fairly obvious in some areas, for 
example for about 30 nautical miles west of Hailuoto (Fig. 6) and in Sweden off 
Skellefteå for about 45 nautical miles to the south. In the eastern part, the slope is 
rather flat, see Fig. 4, whereas on the Swedish side it is uneven and broken by depres-
sions that are extensions of riverbeds. It is particularly steep on the northeastern 
slope of the basin of the Bothnian Bay but is still somewhat ill-defined owing to the 
depressions and ridges crossing the area. 
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Fig. 7. Fault lines on the floor of the Bothnian Bay and on the coast. 1. Minor faults. 2. Major faults. 
3. Terracelike features parallel to the coast line; the triangles indicate a downward gradient. ' 
22 
Fig. 8. Orientation in a 10 x 10 km square in 
the middle of northern Bothnian Bay. Delinea-
tion on the basis of one of the echo-sounding 
maps belonging to the Board of Navigation. 
The predominant trend is N30° to 400W, 
cf. the directional diagram in the Figure. 
Fig. 9. Orientation in the area south of that 
depicted in Fig. 8 (off Raahe). The orientation 
turns almost to south-north in central and 
southern Bothnian Bay. 
3.3.1. Oyjeti/aijoie 
Mention yvas made above of the fracture line that runs through the northern 
depression and is connected with the fracture zone that trends through Finland as 
well as the fracture line that extends from the northern boundary of the Muhos 
sedimentary rock area to the Bothnian Bay. These two fractures are marked in Fig. 7 
with lines heavier than those used for the other fractures. They are clearly revealed 
by the depth contours on the nautical charts in the areas most closely mapped and 
particularly well on the echograms recorded across the fracture lines. 
The northermost fracture line is the narrow depression near Oulu, which widens 
somewhat towards the northwest. The are some places off Oulu where its depth ex-
ceeds 50 m, but off Kemi it gets shallower and develops into a valley 40 to 50 m 
deeper than the environment near the island of Malören. Adjoining the depression 
between Malören and the coast of Sweden are several elevated ridges and valleys 
it) which variations in elevation from 60 to 70 m and in slope from 7° to 8° (Figs. 
18 and 19) have been noted. 
Analysis of the topography recorded on the echo-sounding maps compiled by 
the Board of Navigation reveals the existence of small scale orientation. Figs. 8 and 
9 depict two areas of 20 x 20 km, of which the former is located at 65°20'N, and the 
latter at 64°40'N (Raahe), likewise about halfway between the coasts of Finland and 
Sweden. The orientation of the topography in the northern area trends almost 
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exclusively N30°-40°W, whereas in the southern area the predominant orientation 
trends N10°-20°W. 
The trend revealed by these two bathymetric maps is all the more marked in the 
compilation that comprises all the information collected on orientation in the Bothnian 
Bay. Fig. 7 shows all trends marked on bathymetric maps, nautical charts and echo-
grams dealing with the Bothnian Bay. 
In the northeastern and eastern parts of the area, the orientation trends N60°W, 
at Raahe N50°W, Lohtaja N40°W, Jakobstad N30°W and in the Quark NO°E. Off 
the western coast the orientation is not a gradual rotation as a function of latitude 
but roughly such that at 64°30' (Skellefteå—Bjuröklubb) there is a transitional zone 
north of which the trend is N30°-60°W but south of it NO°-40°W. In the Quark, 
the trends are the same as those on the Finnish mainland, that is, parallel to the 
longitudinal axis of the Quark. The tectonics of the central Bothnian Bay have not 
been satisfactorily established because the morphologic details of the bedrock are 
covered by thick blankets of sediments. 
It seems apparent that the features of bedrock and unconsolidated sediments 
that can be observed on the present surficial topography are largely controlled by 
the direction of glacial movement. The moving ice exposed features in the bedrock 
trending parallel to the flow of the ice. This phenomenon, visible throughout the 
Finnish fracture line system (Härme 1961), is corroborated by measurements made 
on the glacial striae on exposures. Hence, it is possible to establish the direction of 
glacial advance in the Bothnian Bay b means of the faults most commonly discernible 
in the topography. In its advance from the northwest to the basin of the Bay, the 
ice was directed to the right by the action of the basin, as demonstrated by the most 
common trends given above. Thus, at the Quark the ice moved from north to south 
and also from northeast to southwest. The high NW-SE trending coast between 
Bjuröklubb and Skellefteå and a parallel depression (Fig. 4) forced the ice to turn 
SE at Skellefteå in Sweden and south and southeast farther south. 
3.3.2. The Rödkalle,, depression 
Almost in the middle of the northern Bothnian Bay, between Hailuoto and 
Rödkallen, the Bay attains it greatest depth, 147 m, in an elongated canyon that is 
part of the forementioned fracture zone running from Ladoga through Finland 
and the Bothnian Bay far into Sweden. The profile illustrated in Fig. 10 was measured 
at the deepest part of the zone, the Rödkallen depression at 65°09'N 23°14'E, where 
it differs most markedly from the environment. Here the depression is less than 
600 m wide and the floor is 70 m below the surrounding bottom. The walls are 
exceptionally steep, and the echo-sounder is unable to register them properly. The 
edges of the depression rise 20 m above the adjacent floor, which suggests that the 
bottom of the canyon has sunk and its edges have been uplifted in relation to the 
environment. 
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The deep part of the depression, over 120 m in depth, is nine nautical miles in 
length. If a.well-developed depression trending NW towards the coast of Sweden 
is included, the length totals 31 nautical miles. At Rödkallen, near the most outlying 
Swedish islands, the ravine develops into a pit exceeding 100 m in depth, which 
is 90 m more than the depth of the adjacent shallows. Echograms and sea floor samples 
show that the bottom of the depression consists of compacted clay with abundant 
pebbles and coarse-grained matter and that hence, there is a submarine current in 
the canyon. Palosuo (1971) maintains that within these areas temporary deep-seated 
currents flow from SE to NW. Thus, the Rödkallen depression obviously controls 
the movements of the water in the Bothnian Bay and thereby influences sedimentation. 
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Fig. 10. An echo-sounding profile across the fracture zone situated between Raahe and Luleå in 
northern Bothnian Bay close to the deepest site in the Bay. This narrow depression is 70 m deeper 
than the surrounding bottom. It is part of the fracture zone running from Ladoga to Sweden. The 
bottom is covered by coarse material, which indicates that more intense currents have flow through 
the depression than on the surrounding bottom. On either side of the depression the sediments 
contain iron manganese concretions; farther off there are silt areas. The location of the site is 
65°09'N 23°14'E. 
3.3.3. The floor off Hailuoto 
The bathymetric contours on the nautical charts reveal the existence of elongated 
depressions trending SE to NW north of Hailuoto (Figs. 11 and 12). Because the 
fairway into Oulu harbour passes over the depressions and because the adjoining 
areas are shallow the author could not carry out echo-sounding across the depres-
sions. Even so, the topography of the area is revealed on bathymetric maps and its 
structure is further clarified by the echo-sounding profile in Fig. 13, which illustrates 
the distance between the »Kemi» lightship and Raahe. On the basis of erratics found 
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on the mainland and drilling performed on Hailuoto (Veltheim 1962, 1969, Kalla 
1960), it can be assumed that the Muhos sandstone-shale formation continues on 
the sea floor around Hailuoto in the area shown in Fig. 13. 
As a whole, the northeastern Bothnian Bay is shallow, being only 10 to 20 m deep. 
In old nautical charts, it appears topographically as an extension of the flat coast 
of Ostrobothnia, but, more recent sounding carried out in the 1960s has revealed 
that the flat and shallow bottom contains long, steepwalled valleys, average trend 
NW-SE, that are 20 to 40 m deeper than the environment. The slopes have a gradient 
of 6°-12°, although some steeper ones have been encountered. As a rule, the depres-
sions are 250 to 1 000 m wide at their uppermost level and the slopes are locally 
planal with some occasional steps. The depressions constitute a network dominated 
by NW—SE trending structures. Individual depressions are also encountered. The 
most distinctive is the depression between Oulu and Hailuoto (Fig. 14 B). Without 
seismic recording, it is not possible to establish the degree to which the depressions 
are filled with sediments. Likewise, it is not sure whether the depressions reflect 
the structure in the bedrock or in the thick sand deposits. 
23'52' 
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Fig. 11. Sea floor topography northwest of Hailuoto. The depth contours from 20 to 
70 m at intervals of 5 m. Characteristic features of the sea floor around Hailuoto are 
straight walls, horizontal surface of the uppermost level and a network of elongated 
depressions. 
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The above approximate location of this morphologic type extends from off 
Raahe northwards close to the northern shore of the Bothrtian Bay. In the west it 
extends almost to longitude 23° but is covered by the silt beds of the central basin. 
The western boundary is difficult to delineate wherever the depth reaches 70 to 80 m. 
In the west the NW—SE trending topography locally grades west of Hailuoto into 
a continuous slope with a westward gradient as described above (Figs. 4 and 6). 
In the east the topography of the long depressions appeals on the map patterns 
wherever the depth attains 15 to 20 m. Nevertheless, there are some depressions 
north of Hailuoto that are recognisable even when 5 to 10 m deeper than their 
environment. The northern boundary, which appears to stretch from Malören to 
the lightship »Kemi» and to Oulu, is also characterised by intense faulting; it continues 
in Finland where it coincides with the northern boundary of the Muhos formation 
(Talvitie 1974) and marks the place where a train of earthquake epicentres have been 
established (Tuominen et al. 1973). The slope illustrated in Fig. 19 is on this line 
near Malören. 
The features of the sea floor in the northeastern Bothnian Bay differ markedly 
from the topography anywhere else in the Baltic Sea. On the mainland of Finland 
there are drumlin areas that resemble the submarine topography around Hailuoto. 
So called annual moraines or »de Geer moraines», 5 to 10 in high, are met with on 
islands in the Quark and on the sea floor between them. The topography of the annual 
moraines in the Quark, however, differs conspicuously from that in the sea around 
Hailuoto. This is possibly the surface morphology of a submerged part of the Muhos 
formation. The orientation of the depressions and the intervening ridges coincides 
with that typical of the fracture lines in the area and of the advance of the glacial ice. 
During faulting the breaking of sandstones and shales along the fault lines produced 
masses of loose material that was removed by the advancing ice sheet. It is worth 
noting that the sand deposit on the island of Hailuoto is as thick as 30 to 60 m 
(Veltheim 1969). If the sand sediments in the sea are as thick as that, the advancing ice 
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Fig. 12. An echo-sounding profile across depressions trending SE—NW, west of the light-ship 
»Kemi». These depressions are elongated and cut the flat bottom, depth 20 to 30 m, which slopes 
gently towards the southwest. The bottom of the depressions is silt, the slopes and upper surface 
sand. The steep, straight slopes suggest graben, although some of the valleys resemble products 
of fluvial or glacial forces. Point P is located at 65°20'N 23°55'E. 
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may have moved sand and thus contributed to the evolution of the morphology as it 
is today. It is also possible that lateglacial fluvial erosion had some effect on the 
shaping of the topography (cf. pp. 28-29). Yet one more plausible hypothesis is 
that the submarine topography around Hailuoto was produced by eolian erosion. 
This is most conspicuous in the areas depicted in Figs. 11 and 12. This latter explana-
tion is consistent with the statement by Veltheim (1969: 50) that the sandstone 
samples on Hailuoto were formed under aridic and eolian conditions. If this is the 
case, then the recent submarine topography is an exhumed Precambrian relief. 
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Fig. 13. A shortened echo-sounding profile (42 n.mi) between the light-ship »Kemi» and Raahe, 
across the presumed area of sandstones and shales. It shows blocklike structure typical of the area, 
which is due to the SE—NW trending depressions on the comparatively flat bottom. On the left 
the upper surface is till, but sand in the middle and on the right. Silt sediments are encountered 
locally on the floor of the depressions. 
3.3.4. The contim/ations of the riverbeds 
The beds of a number of rivers entering the Bothnian Bay continue along the 
floor of the Bay as long depressions whose bottom descends towards the centre of 
the Bay (Fig. 15). The extensions of the river beds can be traced on bathymetric 
maps, nautical charts and by means of the echo-sounding data of the present study 
down to depths of 80 to 100 m, after which they disappear from the surface topo-
graphy. In Swedish waters the phenomenon is clearest at the mounths of the rivers 
Kågeäly (Fig. 14 A), Byslceäly, Piteäly, A1å, Luleäly, Rädeäly, Törneå and Kalixäly. 
In Finnish waters the beds of the rivers Oulujoki (Fig. 14 B), Pattijoki and Kalajoki 
continue on the sea floor. As mentioned on page 25, the valley of the Oulujoki 
river is a part of the fracture systern on the bottom of the Bothnian Bay. 
Likewise, the rivers Luleäly and Pattijoki follow roughly the same line as the long 
depression, 147 m deep, in the middle of the sea. Since bathymetric data are less 
comprehensive for some parts of the Bothnian Bay than for others the river network 
depicted in Fig. 15 must be considered as tentative only. 
According to Rudberg (1954: 368), the bottoms of the river valleys in Väster-
botten, Sweden, are lower than the present sea level even though they are filled with 
Quarternary sediments. He, too, observed that the valleys seem to come to an end 
in the sea at a depth of 80 m, and wonders whether the sea level was once 80 m lower 
than it is present. These valleys are also visible on the bathymetric map of the Bothnian 
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Fig. 14 A. Features of the 
sea floor off Skellefteå. The 
fjordlike depression is pre-
sumed to be a submarine 
continuation of the Kåge-
älv river. Echo-sounding 
profiles, however, indicate 
that the eastern end of the 
depression, at least, is the 
outcome of dislocations, 
although signs of fluvial 
erosion are also recognis-
able. The map was const-
ructed on the basis of a 
nautical chart and bathy-
metric data. 
Fig. 14 B. Depression 
between Hailuoto and the 
mainland. It runs parallel 
to the Oulujoki river bed 
and is its continuation. The 
depth is 60 m, whereas 
that of the environment is 
about 10 m. Silt sediments 
have been deposited on 
the bottom of the depres-
sion. Constructed on the 
basis of a nautical chart. 
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Bay by Renqvist (1930); he considers them to be depressions exposed by the advancing 
glacier, but does not exclude the possibility that they may be »Urstromtal». Granlund 
(1943), like Rudberg (1954) later, regards the valleys as Pre-glacial, since they could 
not have formed after the latest glaciation. He agrees with Rudberg that the sea 
level has been some 80 m lower than it is at present. 
The bathymetric data on the nautical charts indicate that the continuation of the 
Kågeäly valley is prehaps the most prominent river bed extension in the Bothnian 
Bay. On the map it appears as a valley, regularly widening and deepening seaward, 
and ending in a plain at a depth of roughly 80 m (Fig. 14 A). Echo-sounding profiles, 
however, show that the valley is not so straightforward and is rather an irregular 
dan sharply defined ravine produced by dislocations. It cannot be attributed to glacial 
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or fluvial erosion, but is the outcome of sinking along two or more fracture lines. 
In any case, it can be concluded that at the mouth of the Kågeäly there is an extensive 
valley that may have been above sea level and may have contained rivers. 
Fig. 13 illustrates the bottom profile between the lightship »Kemi» and Raahe. 
The profile was measured across the topograhy in which the lineation is in a NW—SE 
direction. The submarine valleys are clearly visible on this profile, which crosses 
the Muhos sedimentary rock formation. The direct continuation of the river beds 
and other depressions on the mainland as depressions on the profile cannot be dem-
onstrated because sand masses have levelled the bottom in the shallows near the 
coast. In the areas of profile the map exhibits a network of valleys directed towards 
the centre of the Bothnian Bay (Fig. 15). 
The submarine continuations of the river beds are not provable off the mouths 
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Fig. 15. The rivers entering the Bothnian Bay and their probable 
continuations on the sea floor. The depressions that continue under 
the sea conform with the general topography and the orientation of 
the fault lines, but some to an end at a depth of about 80 in. The Pre-
glacial river system joins the present-day system on the mainland. 
During the Pre-glacial epoch the rivers flowed either southwards 
through the Quark or southeastwards across what is now the mainland 
of Finland. 
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of the rivers entering the Bothnian Bay from the north and northeast. Thus, there 
are no signs of continuations under the sea for the large valleys of the Kemijoki 
and Torniojoki, nor for those of the smaller rivers, the Simojoki and Kuivajoki. 
The structures of the sea floor in the northern and northeastern parts of the Bothnian 
Bay are orientated perpendicular to the forementioned rivers. The glacial ice also 
advanced at right angles to the river beds and thus their possible extensions were 
covered by abundant sand masses during the ice ages. 
The valley system of the Bothnian Bay (Fig. 15) might be an ancient river network 
composed of riverbeds trending from NW and SE towards the centre of the Bothnian 
Bay. As a rule, they come to an end at a depth of 80 m. The distinct valley system 
is lacking from the middle of the sea, which may have been the site of a hypothetical 
central lake from which water ran towards the Bothnian Sea east or west of the island 
of Holmö and through the present Quark. On his map depicting the corresponding 
river system in the Bothnian Sea, Winterhalter (1972) has marked two hypothetical 
discharge channels through which water ran from the Bothnian Bay to the Bothnian 
Sea and which correspond to the eastern and western alternatives around Holmö. 
3.3.5. Terracelike features parallel to the coast 
Almost all the echo-sounding profiles recorded revealed a distinct bend not far 
from the coast of Finland, where the gradient of the bottom showed a slight increase. 
There is often another bend in the vicinity, where the gradient either steepens towards 
the central depression or levels up (Figs. 16 and 17). By joining the bend points 
of the profiles on the map, macro topographic bending lines were established (see 
the triangular line in Fig. 7). They run parallel to the eastern coast but recede from it 
northwards and southwards. The terraces are nearest to the Finnish coast (12 to 15 
Fig. 16. An example of profiles showing two bend points (A and B). The terraces and scarps depicted 
in Fig. 7 by a serrated line were obtained by joining these points. The profile was recorded from the 
east coast (left end) towards 285°. 
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Fig. 17. The topography of the area west of Hailuoto. The shallow, 
fairly flat sand bottom of the coast of Finland deepens in this area and 
grades in the left half of the map into a topography indicating till 
bottom. The two terraces or hinge lines shown in Fig. 7 are seen at 
depth contours of roughly 30 and 45 m. The topography of the elongated 
depressions around Hailuoto is to the east of the area desribed by the 
Figure. The area of the map covers 10 x 10 km. 
nautical miles) between Raahe and Jakobstad. The flat peneplane of Ostrobothnia 
borders these lines in the east. Similar slopes have also been encountered off the 
west coast farther south, but north of 60°30'N there do not seem to be any terraces 
in the western part. 
In a later chapter it will be demonstrated that in Fennoscandia the land is uplifted 
in blocks that move in relation to one another. Härme (1961) notes that: »The map 
of the fault lines shows that the pronounced trends of the fault lines are to some 
degree radially arranged around the northern part of the Gulf of Bothnia. An excep-
tion is the area south of Kemi, where no prominent trend occurs. The radial arrange-
ment of the fault lines around the uplift center supports the view that the uplift 
movements have taken place particularly along lines». The presence of terraces and 
scarps may indicate that, perpendicular to the radial lines, there are fracture lines 
along which the land can also be uplifted. 
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3.4. RELATIVE DEPTHS 
Fig. 18 shows the floor of the Bothnian Bay divided into areas according to relative 
depths, by using the following classification: over 50 m, 20 to 50 m, 10 to 20 m and the 
sublevel floor. The bathymetric data were collected from the detailed bathymetric 
maps of the Board of Navigation, echograms and nautical charts. A map like this 
is to some extent subjective owing to the variations in size of the survey areas. Never-
theless, it does give some idea of the sea floor topography of the Bothnian Bay. 
Fig. 18. The relative depths of the Bothnian Bay. 1. Almost at floor. 2. Depth differences less than 
10 m. 3. 10 to 20 in. 4. 20 to 50 m. 5. Over 50 m. 
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The map reveals factors pertinent to morphology and sedimentation. The depres-
sions in association with the two main fault lines described above are the only 
areas at the northern end of the Bothnian Bay where the depth difference exceeds 
50 m. It is also noteworthy that some of the terraces parallel to the coast appear 
on this map as a zone in which the relative depth differences are greater than in the 
environment. Otherwise, practically the entire bottom of the Bothnian Bay is char-
acterised by only slight variation in depth, in other words, it is almost a plain. 
A sea floor of the Ostrobothnian type is especially typical of the area south and 
west of Hailuoto and often also of the southern Bothnian Bay. 
The coast of Sweden tends to exhibit relative differences in elevation exceeding 
50 m, whereas the offshore sea floor belongs mainly to the 0 to 10 m class. 
The characteristic NW SE orientation is apparent also on the depth difference 
map, particularly between Hailuoto and Kemi and the northwestern Bothnian Bay. 
In these areas the depth differences are often greater than in the surrounding sea 
floor and nearby mainland. 
The areas that are classified as almost flat or that have a relative depth of less 
than 10 m are generally either littoral areas covered by sand or sedimentation areas 
in the central depression. Hence, the map of relative depths demonstrates how in 
the Bothnian Bay particularly silt, sand and silty clay tend to smooth the topography 
of the bedrock. As is shown later in the discussion on the sediments, the smoothing 
in the shallows is mainly due to the .spreading of the sand fraction on the bottom 
and, in the deeper areas, the levelling effect of silt and clay sediments carried by 
slow currents. 
3.5. LAND UPLIFT 
The study area is part of the late-glacial and postglacial land uplift region of 
Fennoscandia. The maximum rate of uplift has been noted around the Bothnian 
Bay. In the Finnish coastal zone the isobases of land uplift run parallel to the coastal 
line (Kääriäinen 1963), the rate being 8 to 9 mm/a. On the western coast, the rate 
is known less accurately, but is presumed to be of the same order of magnitude 
(Magnusson et al. 1963). The rate of land uplift has not been established for marine 
areas, but in the Bothnian Bay it exhibits an increasing trend from the mainland 
towards the coast. Consequently, it can be assumed that in Fennoscandia the land 
uplifts most readily on the floor of the Bothnian Bay and that the rate may be 9 
to 10 mm/a, or even more. 
The land uplift is irregular in terms of space and time (Kääriäinen 1963). Accord-
ing to Hyyppä (1963), the east coast of the Bothnian Bay has risen 90 to 100 m 
since the Litorina stage. It is thus obvious that the bedrock was fractured in the 
course of land uplift. It should also be remembered that the highest frequency of 
earthquakes in Fennoscandia has been registered in the Bothnian Bay and its 
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surroundings (Penttilä 1963). The fracture lines act as seams along which the land 
rises locally. Temporally the phenomenon is probably associated with earthquakes. 
Paarma (1963) holds that: »The Fennoscandian land upheaval may perhaps have 
acquired its exceptional volume owing to the seam of alkaline rocks, which have 
acted as a hinge. Oceanographers should, therefore, pay more attention to submarine 
canyons and their distribution in the Gulf of Bothnia and in the Baltic Sea». The 
fact that the fracture lines show a radial arrangement around the centre of the land 
uplift supports the conception that the rise took place, at least partly, along these lines. 
Sauramo (1958) has advanced the theory that the Quarternary land uplift within 
the Baltic Sea tool, place along the »hinges». Since then other workers, e.g. Donner 
(1969) and Eronen (1974), have discussed the hinge theory referring to ancient 
shorelines, pollen and diatom chronology and archeology. Donner maintains that 
the land was uplifted along the line joining the coasts of Estonia and Norway in 
such a manner that the upheaval was greatest halfway along the line, near the Quark 
(cf. Donner: Figs. 1, 4 and 5). He suggests that a hinge or hinge zone may be located 
in the Gulf of Bothnia. Eronen (1974: 125) concludes that the land rises at different 
times like pieces of a mosaic in: the blocks constituting the area of land uplift in 
Fennoscandia. From the results of precision levelling, however, Tuominen et al. 
(1973) have demonstrated that the uplift is really a blockwise process. Hyyppä (1963), 
on the other hand, argues that the land uplift has been constant. He refers to the 
isobases of the Litorina Sea (about 7 000 BP), which circle around the Bothnian Bay 
in much the same way as do the isobases of the present-day land uplift. 
The terraces and scarps parallel to the coast as well as the radial system of 
fracture lines towards the centre of the Bothnian Bay may have some connection 
with the land uplift phenomen. Härme (1961) and others have maintained that the 
land uplifts along hinges trending towards the Bothnian Bay, partly simultaneously 
with earthquakes (cf. Talvitie 1974), and thus, there may be an upward component 
Fig. 19. A 70 m high wall near Malören. The 
slope is part of a dislocation line trending 
305° that starts neat Oulu. 
23° 23' 2n..1 
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in the movement at the terraces (Fig. 19) at right angles to the radial lines. The 
terraces could thus be called hinge lines. Given long enough, blocicwise land uplift 
leads to a constant rate of uplift. 
Geodetical calculations indicate that land uplift will continue in the central area, 
that is, in the Bothnian Bay, for about 200 m (Honkasalo 1963), and thus the 
Quark should rise above the sea level and the Bothnian Bay turn into a lake. (The 
relationship between land uplift and sedimentation will be discussed in Chapter 4.) 
4. SEDIMENTS OF THE BOTHNIAN BAY 
4.1. SEDIMENT TYPES IN THE BALTIC SEA 
The terminology used when mapping sediments should be pertinent to the 
physical, chemical and mineralogical structure of the sediments. Sometimes they 
are, however, classified and named according to the conditions under which they 
were formed rather than their composition and structure (e.g. Schou 1967). The 
most well-known classifications of the sediments of the Baltic Sea include those by 
Gripenberg (1934), Pratje (1948), Kolp (1966) and Ignatius (1964). The classifications 
are listed in the Tables to follow. 
TABLE 1. The sediment types of the Baltic Sea classified on the basis of their mechanical 
composition by Gripenberg (1934) 
Type 1. 	Dusty sand, well sorted, sorting coefficient = 2.6 
Type 2. 	Varved clay 
Type 3. 	Fine-grained late-glacial clay, so = 2.4 
Type 4. 	Post-glacial mud, well sorted symmetrical type, so = 2.3-2.4 
Type 5. 	Poorly sorted post-glacial type, so = 3.8 
Type 6. 	Entirely unsorted post-glacial type, so = 7.8 
Type 7. 	Stratified post-glacial type, so = 5.16 
The sorting coefficients for the types by Gripenberg in the Table 1 are 
approximative only. Type 1 predominates in the Bothnian Bay and represents material 
sorted by water. Type 2, like Type 3, is encountered, in the data of Gripenberg, only 
south of the Quark and not at all in the Bothnian Bay. Type 3 she found, in the Gulf 
of Finland and in the Baltic Sea proper, deposited in stagnant water. Types 4 to 7 
are post-glacial sediments of which Type 4 occurs also in the Bothnian Bay and is 
generally composed of well sorted sand. Type 5 is the predominant post-glacial 
sediment in the Baltic Sea; it too is absent from the Bothnian Bay but occurs in and 
south of the Åland Sea. Types 6 and 7 can be considered as subclasses of Type 5, 
and therefore do not occur in the Bothnian Bay. On the basis of their mechanical 
composition, Gripenberg maintains that the sediments in the Baltic Sea include 
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TABLE 2. The sediment zones in the Baltic Sea scolding to Pratje (1948) 
1.  Die ki stennahe Sandanhäufungs-Zone 
2.  Die Abtragungszone mit Restsedimenten 
3.  Die Kiistenferne Sandanhäufungs-Zone 
4.  Die Schlickgebiete 
5.  Die Sedimentationsarme odet -freie Zone 
some of the most fine-grained marine sediments in existence. Tt should, however, 
be borne in mind that the only types by Gripenberg that occur in the Bothnian Bay 
are those classified as silts or more coarse-grained sediments. Her conclusions on 
the dating of the sediments were based mainly on their appearance. Further, her 
sampling method was such that she did not obtain varved old clayey silts from the 
Bothnian Bay where matter is often overlain by younger sediments. 
The classification by Pratje (Table 2) is not for sediments alone but also for 
sedimentary zones and can be applied as such to the Bothnian Bay, since all the zones 
and areas proposed by Pratje are encountered in the Bothnian Bay. 
Kolp (1966) developed his classification of the sediments in the Baltic Sea and 
proposed a way of presenting results on the basis of the data collected by Pratje 
and other German investigators as well as on his own extensive material. The marine 
geologic maps of the Bothnian Bay and the Bothnian Sea (Ignatius & Tulkki 1970, 
Ignatius et al. 1970), compiled on the map sheet division used by the Geological 
Survey, are to some extent consistent with the proposition by Kolp. They are, 
however, largely based on echo-sounding data, whereas Kolp's system relied pre-
dominantly on grain-size determinations and closely spaced sampling. Kolp's clas-
si6cation of the sediments and type of sea floor is presented in Table 3. 
The classification by Kolp is of some help in a discussion on grain size and sedi-
ments in the Bothnian Bay. His »Abrasions-Zone» is encountered off the coasts, 
in the Quark and over a large area in the northeastern Bothnian Bay. The central 
sedimentation area corresponds to his »Langschweb» areas as do the depressions 
near the coastwhere fine-grained sediments accumulate. Between these are his »Durch-
frachtungszone» and »Kiinstenferne Sandanhäufungszone». The morphology of the 
Bothnian Bay floor is, however, rougher than that of the southern Baltic Sea, which is 
marked by comparatively flat areas. Accordingly, the sediments on the bottom of the 
Bothnian Bay form a more complicated mosaic to which the detailed grain size and 
sedimentary classification by Kolp are not readily applied. 
The sediments can also be classified into distinct types in accordance with their 
depositional sequence, as was done by Ignatius (1958 b, 1964) (Table 4). The basin 
of the Baltic Sea was gradually deglaciated, and so the oldest members of the deposi-
tional series occur in the southernmost parts of the basin. Varved sediments were 
deposited right at the margin of the retreating ice sheet, partly owing to the salt-
lessness of the melt waters. The sediments deposited in the Bothnian Bay after the 
Ice Age are from the Yoldia Stage or younger. 
Blockfeld Abrasions- 
Zone 
Ste inpfaster 
Grob- 	
Kies 
Mittel- 
Fein Feinkies—Grobsand- Gurtel 
sehr grober Durchfrachtungszone 
grobet 
Kiistenferne 	Sandanhäufungs- mittlever- 
feiner 	Sand Zone 
sehr feiner (Kurzschweb) 
Schlickgebiete Grob- 
Mittel- 	Schluff 
Fein (Langschweb) 
Grob- 	 Schlammgebiete 
Mittel- Schlamm 
Fein 	 (Langschweb) 
6300 —2000 	.......... 
2000 10 	0 	.......... 
1000 - 	630 	.......... 
630 - 	200 	.......... 
200 63 	.......... 
63 - 	20 	.. 
20 — 	6,3 	......... 
6,3 — 	2,0 	......... 
2,0 — 	1,0 	......... 
1,0 — 	0,63 	........ 
0,63 — 	0,2 	......... 
0,2 — 	0,1 	......... 
0,1 — 	0,063 	....... 
0,063 	— 0,02 	........ 
0,02 	— 0,0063 	...... 
0,0063 — 0,002 	....... 
0,002 	— 0,00063..... 
0,00063— 0,0002 	...... 
0,0002 — 0,000063 	.... 
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TABLE 3. The sediment types in the western and southern Baltic Sea according to Kolp (1966) 
Korngrösscn 	 Marine 	 Zonen und gebiete urn Mceresgrund 
mm 	 Sediment. 
TABLE 4. The sediment sequ 
Formation 
Soft mud 
mud or gyttja-clay, often with 
microstructure, organic 
material 3 to 5 % 
homogeneous clay, basal patt 
often banded 
homogeneous or microvarved 
clay, grades downward into 
glacial clay with thick varven 
till or glaciofluvial sands 
-nce in the Baltic Sea (Ignatius 
Color 
brown (oxidizing), 
green or black (reducing) 
upper part occasionally black, 
generally however green or 
grey 
upper part grey or bluish, lower 
part contains black (sulphide) 
material occasionally black clay 
grey or brown, sometimes 
reddish 
bluish grey or brown  
1964) 
Stage in Baltic avolution 
present time, 
active sedimentation 
Litorina Sea and post Litorina 
Sea 
Ancylus Lake, also the end of 
the Yoldia Sea 
Yoldia Sea and older stages 
according to the geographic 
position 
Ice Age 
As demonstrated by Ignatius, and later by Winterhalter (1972), the glacial clays, 
the Yoldia sediments, and the subsequent fresh water sediments of the Ancylus Stage 
of the Baltic Sea form a sedimentary sequence that conforms with the topography of 
the bedrock. The younger sediments, on the other hand, which deposited during 
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or after the Litorina Stage, tend to smooth the topography of the bedrock and the 
overlying till. This »basin fill» phenomenon is also visible on the echograms recorded 
in the Bothnian Bay (cf. Figs. 25 and 39); however, owing to the lack of sedimentary 
datings, there is some doubt as to which of the sedimentary levels visible on the 
echograms represents the Ancylus deposit overlain by basin fill sediments. 
Dr Heikki Ignatius has placed material at the author's disposal for Fig. 20, which 
shows a generalisation of layers from the middle of the Bothnian Bay. Depending 
on their position on the sedimentary basin, the deposits vary in thickness. Figure 
represents cores, 7 to 8 in deep, from depths of 90 to 102 in. In principle, the suc-
cession is valid for the Baltic Sea as a whole, although the oldest late Quaternary 
sediments are lacking from the Bothnian Bay which was deglaciated later than the 
Baltic proper. Figure gives the following types of sediments: 
Lowermost is a till layer of varying thickness (No. 1 in Fig. 20). Above it is a 
relatively thick layer of light-coloured sediment dominated by silts and mixed with 
coarser material, even small pebbles, especially in the basal part (2). This sediment 
represents a glacial type of sedimentation during the Yoldia Stage. The glacial layer 
is overlain by a layer of homogeneous clayey silt from the Ancylus Lake period of 
the Baltic basin, which can be divided into two units: the lower Ancylus (3) often 
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Fig. 20. 	Generalisation of layers in the central 	sedimentation basin 
to the 	 by Dr Ignatius. For denotations according material given 	 of 
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with dark sulphide-bearing matter and the upper Ancylus (4). These two deposits 
are some tens of centimetres thick. The more saline Litorina stage began about 
7 000 years BP, and the contact between Ancylus and Litorina is sharp (cf. Ignatius 
et al. 1968). Typical features of the Litorina sediment are the high content of organic 
matter, the occurrence of diatoms of salt-water origin, and the fine-layered sediment 
structure in the basal part. In the Bothnian Bay, this sediment (5) is often only some 
centimetres or tens of centimetres thick. It is overlain by rather homogeneous dark 
green or grey younger Litorina sediments. The Litorina Stage was followed by the less 
saline post-Litorina period (6) during which dark silts coloured by sulphides were 
deposited. This layer is a few metres thick. The organic matter content is 2 to 7 % 
according to current information. The uppermost layer is only a few millimetres 
thick (7) and is an interphase between underlying sediments and water. Owing to 
the high content of loose organic matter and to its small specific weight, it is easily 
washed out by currents. In the Bothnian Bay, this layer is always lightcoloured 
(brownish), which indicates oxidising conditions in the water above. 
Land uplift is faster in the Bothnian Bay area than elsewhere in the Baltic Sea. 
The fine-grained sediments deposited in depressions are subjected to erosion and 
thereafter to transport and redeposition in the course of which the original depo-
sitional sequence of the sediments is altered. 
King (1967) mapped the sediments off Nova Scotia by means of echo-sounding 
and bottom sampling. The sedimentation conditions in the Northwest Atlantic 
differ from those in the Bothnian Bay, but still in both areas the sea floor was covered 
with glacial ice; similar types of gravel and till bottoms as well as recent deposits 
are encountered in these areas. Thus, it is justified to describe the types by King 
(Table 5) in the context of the sedimentary types of the Baltic Sea. The sediment 
types by King occur in different depth zones but also side by side. The echograms 
from the Bothnian Bay readily allow the identification of Types 1, 4 and possibly 
also 2. 
TABLE 5. The classification by King (1967) based on echograms and sediment samples 
Type 1 	represents the clay facies: a soft, uncompacted bottom with a smooth surface which 
is penetrated readily by sound. 
Type 2 	represents the silt facies: a semi-compacted bottom with a smooth surface. Sound 
does not penetrate the bottom as readily as in Type 1 and a grey subbottom record 
is produced under the optimum gain conditions specified under Type 1. 
Type 3 	represents glacial drift: a semi-compacted to compacted bottom with an undulating 
surface. The undulating surface is the most characteristic feature. 
Type 4 	represents both the sand facies and the sand and gravel facies: a hard, generally 
smooth bottom. The record is thin and black. 
Type 5 	represents an intimate distribution of glacial drift on tbc peaks and clay in 
the low areas between the peaks. 
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The following chapter deals with the sediment types specific to the Bothnian 
Bay, classified on the basis of the bottom types recognisable by means of echograms 
and sampling. 
4.2. CLASSIFICATION OF SEDIMENTS IN THE BOTHNIAN BAY 
In this study, the treatment of the sedimentary geology of the surficial part of 
the sea floor in the Bothnian Bay relies on the marine geologic map of the quarternary 
deposits in the Bothnian Bay compiled by Ignatius & Tulkki (1970) which the 
present author later revised into the form depicted in Table 6 and Fig. 21. The map 
has been clarified by simplifying the denotations of the sediments. The two maps also 
supplement each other. By additional symbols, the new map is able to show the silty 
bottom covered by sand and the deep till bottoms that contain iron manganse con-
cretions and are partly covered by silt and clayey silt. 
The sedimentary map was compiled by using all the echo-sounding data collected 
on the Aranda (Fig. 3). The information on the sediments was transferred from 
TABLE 6. Classification of the sediments in the Bothnian Bay based on echo-sounding data 
and bottom samples 
Type I 	Vety rough, sharp bottom profile. Sound penetrates the bottom only slightly. 
The bottom samples often contain gravel, pebbles and sand fractions and, in 
depressions, silt or clayey silt with some organic matter. 
Type 2 	As above, but the surficial topography is less rough and the bottom tends to 
contain iron manganese concretions and more silt and fines than does Type 1. 
Type 3 	Smooth, hard and acoustically less transparent type for which the echo-sounder 
records a thin, sharp echogram. The samples represent fine and sand bottoms, 
often with gravel. 
Type 4 
	
	As Type 3, but the echograms reveal a lower layer that is recorded weakly or 
not at all and is underlain by an indistinct and uneven boundary. The surface 
consists of sand underlain by silt and clay with the till undermost. The inclusion 
of this type relies entirely on the information given by the echo-sounder, for the 
bottom samples contain variable amounts of fine sand, sand, gravel and pebbles. 
Type 5 	Silty clay from an active sedimentation bottom; it shows distinct boundaries on 
the echograms and is acoustically transparent, appearing in layers that are locally 
10 or even 20 m thick. The surface is undulating without sharp peaks. Deeper down 
there may be one or more echo boundaries. Grain size composition: clay 14 % 
(range from 7 to 29 %), silt 58 % (54 to 70 %), fine sand 28 % (15 to 34 %), 
sand less than 1 %. Organic substances 2 to 7 %. 
Type 5 a 	Silt sediments from offshore depressions; composition depends on location. The 
type of echogram varies, for the sediment may be a thin layer overlying sand, 
or it may contain coarse matter so much so that the acoustic transparency decreases. 
The surface is even or only slightly undulating. Type 5 a is a derivative of Type 5 
and is somewhat richer in coarse matter. Clay 11 % (0 to 11 %), silt 53 % (41 to 
63 %), fine sand 34 % (20 to 48 %), sand 2 % (0 to 5 %), gravel less than I %. 
Organic substances 1 to 7 %. 
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echograms to a nautical chart at a scale of I : 350 000. This information was supple-
mented by notes from nautical charts indicating the type of bottom and the author's 
own observations on the bottom samples (Annex I). Use was also made of the 
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Fig. 21. The distribution of sediments in the Bothnian Bay. 1. Till bottom. 2. Region of 
till topography characterised by iron manganese concretions and silt and sand areas. 3. Fine 
sand and sand areas flat in topography. 4. Silt bottom overlain by fine sand and sand; Bat 
transitional zone between fine sand and silt sediments. 5. Silt-predominant bottom with 
abundant organic matter. Sediment Types 1, 3 and 4 represent erosion areas; Type 5 is an 
area of active sedimentation. Type 2 is transitional; the topography indicates that till is not 
far from the surface of the bottom. The iron manganese concretions as well as the occasional 
fine sand and silt deposits suggest that in areas of Type 2, sedimentation and erosion take 
place slowly and possibly alternately as a function of time. 
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unpublished observations by P. Bagge (Annex I) as well as those published by 
Gripenberg (1934), Winterhalter (1966) and Veltheim (1969). The number of control 
samples available was 337. 
To compile the sedimentary map the author developed a classification (Table 6) 
that is based on the detection limit of the echo-sounder and on the silt, sand, gravel and 
till occurrences or their combinations typical of the Bothnian Bay. Any additional 
information forthcoming from the topography is also put to good use. 
4.3. SILT SEDIMENTS 
Silts, clayey silts and silts with fine sand (Types 5 and 5 a of Table 6) are shown 
more accurately on the map than are the other sediments owing to the clarity of the 
information given by the echo-sounder. Except where the clay is not very compacted, 
the thickness of the silt bed can be evaluated, and if necessary, detailed information 
obtained on the layers in the silt. 
The study by Gripenberg (1934) included some grain size analyses from the 
central basin of the Bothnian Bay. The sediment in the northern portion (St. F 3, 
107 m) contained fractions of coarse clay and silt (1-2 um) and some fine sand. At 
Station F 12 (112 m), in the middle of the basin, she encountered vell-sorted coarse 
clay and silt (0.5-20 ,am). At the deepest station of Gripenberg (F 9, 113 m), the 
bottom was sand with iron concreations. As a rule the bottom composed of silty 
gravel. Winterhalter (1966) reported some unclassified observations in the central 
basin. Since his aim was to find iron manganese concretions, the deepest parts were 
not sampled, but he does mention »clay bottom», »clay» or »gyttja clay». 
Annex I was compiled from the author's own observations; most of them were 
made visually and by feeling with the hands in order to check the interpretation 
of the echogram. Fig. 22 give the grain size distributions for bottoms of different 
types and they demonstrate that the bottom sediment is silt with some clay or sand. 
The mechanical composition of the bottom sediment (well-sorted silt) in the 
accumulation basin in the Bothnian Bay differs from that (unsorted or only slightly 
sorted coarse clay) encountered elsewhere the the Baltic Sea. The bottoms of the 
depressions in the Bothnian Bay are unlike those in the rest of the Baltic Sea, no 
doubt because of differences in sedimentation conditions and in the source of the 
finest sediments. In the Bothnian Bay, the silt sediments occur mainly in two environ-
ments; both provide fairly stagnant conditions which allow the sediments to deposit 
and remain on the bottom. One of these silt areas includes the offshore depressions, 
which are sheltered by shallows or islands and where the action of waves and currents 
is felt less strongly than out in the middle of the Bay. These littoral accumulation 
depressions are most frequent in the northern and northwestern Bothnian Bay. The 
network of depressions between Hailuoto and Kemi is visible on the sediment 
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map, owing to the accumulations in the deepest depressions of abundant silt sedi-
ments containing organic substances (Fig. 22 A). 
The deepest depressions in the central Bothnian Bay constitute the other milieu 
in which silt-predominant sediments were deposited and still occur. The central 
depositional basin is divided into two by a ridge running NW-SE, which is covered 
by sediments typical of more shallow bottoms. 
4.3.1. Central parts 
The central depression has numerous peaks where the surface is not covered by 
silt sediments. Located on the slopes of these hummocks, the upper boundary of 
the silt sediments gets deeper and deeper towards the centre of the Bothnian Bay. 
The depth observations on the upper boundary below which accumulation takes 
place and above which erosion is active or accumulation is prevented are indicated 
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Fig. 23. The depth of the uppermost boundary of silts (m). The dashed 
line shows the depth of the uppermost boundary of silt covered by 
sand (cf. Fig. 21). Even in the deepest areas the most elevated sites rise 
above the silt sediments, and thus contours also occur in the silt area of 
the central Bothnian Bay. 
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in Fig. 23. The isopleths of the uppermost occurrences of silts are roughly parallel 
to the bathymetric contours. 
Markedly different from the distribution model of a soft sediment described 
above is the bottom sample, taken from the deepest site (147 m) in the northern 
portion of the central depression, which shows sand in addition to gyttja clay. A 
sample containing pebbles and gravel was also taken from the depressions by piston 
Fig. 24. The thickness of the Post-glacial silt sediment. 1. Area practically free from silt. 2. Thickness 
frequently from 0 to 5 m. 3. Thicknesses predominantly from 5 to 10 m. 4. Thickness constantly over 
10 m. The Figure illustrates the asymmetrical distribution of silt sediments in the Bothnian Bay, 
which means that most of the sediments lie on the western sea floor, which is deeper than that of the 
eastern Bothnian Bay. 
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corer. Silt sediments are encountered higher up the slopes of the crevasse at a depth 
of 105-110 m (Fig. 10). 
The occurrence of coarse sediment on the bottom of the deepest site in the 
Bothnian Bay can be explained in two ways: either the sediment entered the depression 
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Fig. 25. The appearance of silt at depths of 95 to 105 m in the accumulation area of the 
central Bothnian Bay. The dark surface, below the silt layer marked in lighter tones, is 
compacted, till-bearing sand and silt and contains iron manganese concretions in those places 
where it forms the surface of the sea floor. The influence of the underlying topography and 
the currents, explained in detail on page 48, is reflected in the location of the silt. Point P 
is at 64°18'N 22°21'E, and the profile trends 295°. 
Fig. 26. Soft silt at a depth of 110 m. In places, the bed is 10 m thick. It is underlain by 
compacted matter, possibly till. The beds of silty clay conform with the topography of the 
till and thus the sedimentation conditions allow the development of a rough silt bottom unlike 
elsewhere in the Baltic Sea, where silt and clay deposits of »basin fill» type prevail. 
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with the turbidity current or the depression is subject to currents and active erosion 
with the consequence that the finest matter has migrated elsewhere. In the experience 
of the present author, currents are often active in the deepest depressions in the Baltic 
Sea, provided that the depressions are long and narrow (cf. Ignatius & Niemistö 1971: 
Fig. 7, Winterhalter 1972: Fig. 8 and Bagge et al. 1965), because even a slow current 
increases its velocity if forced to pass a narrow point. It is also noteworthy that the 
steep slopes occur in the area of frequent but weak earthquakes (Miyamura & Pent-
tilä 1964, Båth 1956). 
The average thickness of the silts in the Bothnian Bay is inconsiderable. The 
thicknesses measured by means of echo-sounding are plotted in Fig. 24. Locally, 
the post-glacial silts in the central basin of the Bothnian Bay attain a thickness of 
16 to 17 m. It must be kept in mind, though, that under the conditions of the Bothnian 
Bay, this is practically the maximum thickness that can be recorded by echo-sounder. 
In the depressions in the northern portion of the area (near Malören) there are 
large areas where the silt bed is thicket than 10 m and possibly several times thicker 
than that suggested by echo-sounder. This hypothesis is based on the partial isola-
tion of the northern portion of the central depression of the Bothnian Bay from the 
rest of the basin owing to the presence of the southern ridge, which prevents the 
strong movements of water masses in the Bothnian Bay from affecting the depression 
(cf. also Palosuo 1964). Furthermore, several large rivers discharge abundant sedi-
ments into the northern Bothnian Bay. 
On the floor of the central basin, between Kokkola and Skellefteå, there are 
comparatively thick (8 to 10 m) silt deposits. The post-glacial sediments in the 
western Bothnian Bay seem to be somewhat thicker than those in the eastern side 
since the accumulation of clay sediments generally obeys the rule that the deeper 
the sea the thicker the sediments (cf. Pratje 1948). The trend in the thickness of the 
clay sediments from the coast towards the centre, as revealed by echograms, is illus-
trated in Fig. 25. The thickness of the clay increases from 1-3 m to over 10 m as 
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the sea floor descends from 100 to 110 m. The Figure shows that whenever the 
gradient of he bottom increases suciently, the finest sediment does not remain 
on the bottom but is redeposited on the more flat sea bed (marked by number 1 in 
Fig. 25). The Figure also indicates that the numbers of layers recorded by echo-
sounder increases concurrently with the thickness of the silt sediment. The upper 
surface of the thickest silt sediment conforms with the topography of the underlying 
till and bedrock (2 in Fig. 25), but in shallower places the thinner silt cover has 
smoothed the relief of the underlying till. It is also typical of clayey silt sediments 
that the most recent sediment is lacking from the front of a steep slope (4), although 
it has been deposited at sites at greater depth without adjoining slopes, as at 5 in Fig. 
25. 
Figs. 25 to 27 depict the deepest parts of the central basin and show that at a 
depth of about 110 m or more, in the central Bothnian Bay, conditions are so stagnant 
that the finest particles fall to the bottom (point 2 in Fig. 25) and that the currents 
do not accumulate the sediments into beds of various thickness; in other words, 
the silt layer conforms with the underlying till surface. It is also obvious that not 
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Fig. 28. The topography of the clayey silt bottom at a depth of 100 to 
108 m in the central Bothnian Bay. Depth interval 2 m. Cf. Fig. 27. 
even temporarily are there any currents that could transport the sediments elsewhere. 
The topography of the clayey silt is depicted on the map in Fig. 28. 
The deposttion of sediments in the Bothnian Bay is controlled by the action of 
waves, and by currents due to wind, internal waves and changing sea level. The 
currents that are produced by internal waves presumably also influence the sedi-
mentation process. 
The velocity of the critical flow at which a particle starts to move is the boundary 
velocity. It diminishes with decreasing grain size, until a grain size of 0.18 mm is 
reached and the bottom reacts to the flow as a smooth surface. The development 
of turbulenta near the individual particles lessens and the flow acts on the whole 
bottom rather than on each particle individually. Thus, the rate of flow required to 
loosen a particle does not decrease with the reduction in grain size as would be 
expected but increases when the grain size is less than 0.18 mm. This fact, experi-
mentally demonstrated first by Hjulström in 1935, has been verified by several 
investigators since then (cf. Lisitsyn 1969: 261). Hjulström showed that a bottom 
sediment with an average grain size of 0.001 mm requires the same current 
velocity as sand with a grain size of 0.45 mm. Table 7 gives the minimum velocities 
for the flow needed to initiate erosion (Zvonkov 1962, according to Lisitsyn 1969) 
and the minimum velocities to allow deposition. 
In the Nature grain sizes vary, and so even the slightest amount of very fine 
matter markedly increases the velocity of the flow necessary to initiate erosion. 
The, grain size on the surface of the bottom in the central basin of the Bothnian 
Bay is generally that of silt with some coarse clay and fine sand, i.e. grain sizes of 
0.001 to 0.1 mm. 
A current with a rate of 0.15 m/s is needed to initiate the transport of the above 
type of sediment (cf. Table 7). Since the bottom is a mixture of various grain sizes, 
the velocity required is higher, say, 0.5 to 2.0 m/s. The numerical values in Table 7 
refer to cohesion bottoms. The sediments in the central Bothnian Bay are, however, 
uncompacted post-glacial sediments and for them the rate of 0.15 m/s may be valid 
under the conditions of the Bothnian Bay. 
If the minimum rates, given in Table 7, needed to start erosion are compared 
with those that allow accumulation, the conclusion may be drawn that erosion veloci- 
TABLE 7. Current velocities (rn/s) initiating erosion and preventing deposition (Lisitsyn 1969) 
Particle size, 	 Minimum velocity 	 Maximum velocity 
mm 	 for erosion 	 for deposition 
10.0 	.............................. 1.0 -1.5 0.7 
5.0 	.............................. 0.5 -1.0 0.4 
1.0 	.............................. 0.15-0.25 0.08 
0.5 	.............................. 0.12-0.22 0.04 
0.1 	.............................. 0.15-0.3 0.01 
0.01 	............................. 0.5-1.0 0.001 
0.001 	............................ 2.0-4.0 0.001 
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ties are 2 to 1 000 times higher than the velocities under which sedimentation is 
possible. The coefficient for gravel is 2, for sand fractions 2 to 5 and for clay and 
silt fractions 500 to 1 000. The sedimentation of clay, silt and fine sand (0.002 to 
0.1 mm) carried by water is prevented if the rate of flow exceeds 0.07 m/s. 
There are few direct measurements of the current velocity in the Bothnian Bay. 
Observations made at the beginning of the century from lightships moored off the 
coast of Finland provide information on flow at depths between 0 and 25 m (Table 
8): the highest velocities were found to range from 0.50 to 0.67 m/s. Witting (1912, 
1914) maintained that the maximum annual velocities were of the order of 0.10 to 
0.30 m/s. Palosuo (1964, 1966, 1971, 1973 a, 1973 b) has written about the flow of 
water in the Bothnian Bay in many of his publications. He shows that, depending 
on weather conditions, water is discharged through the Quark to the Bothnian Bay 
in volumes of several tens of cubic kilometres and at a rate of 1 to 2 knots (0.50 to 
1.00 m/s). These irregular pulses across the threshold of the Bothnian Bay reach 
a depth of 40 to 80 m in the Bay itself and travel northwards in the eastern part. 
The submarine extension of the Lohtaja esker and the ridge running across the central 
Bothnian Bay cause the current to turn westwards and continue southwards along 
the coast of Sweden. The surficial current may, however, extend farther north. 
According to the map by Palosuo (1973 a and 1973 b), the current proceeds parallel to 
the depth contours of 20 to 40 m (cf. Fig. 4) between Tankar and Malören and then 
turns southwards. When the inflow through the Quark moves towards the northern 
end of the Bothnian Bay intense mixing takes place along the western margin of the 
flow down to a depth of 40 to 50 m. Palosuo emphasises the regularity and stationary 
nature of eddies in the mixing area, and attributes them to the shape of the floor 
of the Bothnian Bay. At a depth of more than 100 m, however, a water column was 
observed in the spring that took no part in the mixing process in the winter (Palo-
suo 1964) (cf. also Figs. 29 and 30). 
The differences in the density of water and the translation of energy from the 
surface to deeper levels presumably affect sedimentation and the behaviour of eroded 
matter. As elsewhere in the Baltic Sea, the summer thermocline in the Bothnian Bay 
is at a depth of 15 to 20 m. Above the thermocline, the water is homogeneous in 
density, but below it the density increases downwards owing to higher salinity. In 
the autumn, the thermal stratification is less marked and the density of water is 
homogenised down to depths of 35 to 50 m (Fig. 30). There is a pycnocline at a 
depth of 50 m in the late autumn, and below the 70 m level there is a water column 
of almost homogenous but higher density than that of the surficial water. This 
three-layered structure is clearly demonstrated by observations made by the Institute 
of Marine Research, Helsinki, in the winters of 1969-1972; one case is illustrated 
in Fig. 29. 
It is possible that the turbulent kinetic energy of water is translated from the 
upper part of the surficial water layer, homogeneous in density, into internal waves 
with wide amplitude in the layer in which the pycnocline is located (Mälkki 1975). 
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Fig. 29. Density values (a,) on the profile 
Ohtakari—Bjuröklubb on 4 October 1969. 
The Figure was constructed with the aid of 
salinity and temperature observations made by 
the Institute of Marine Research. 
Fig. 30. Examples of density distribution in 
the water column of the central Bothnian 
Bay in October—November in 1969-1972, 
computed on the basis of salinity and tempe-
rature observations by the Institute of Marine 
Research. 
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If this is so, the internal waves in the Bothnian Bay are most intense each autumn at 
depths of 35 to 50 m. Although the water is not mixed vertically, the water particles 
in the internal waves make turbulent movements that may prevent sedimentation or 
even cause erosion. The observations on the deepening of the lower boundary of the 
erosional zone in the central Bothnian Bay, which are depicted in Fig. 23, may be 
attributed to this phenomenon, since in this area the pycnocline is somewhat deeper 
than it is near the coast (Fig. 29., cf. Palosuo 1973 b: Fig. 5). Further, the pycnocline 
exhibits the steepest gradient in the centre, an indication that the amplitude of the 
internal waves has also increased (Mälkki 1975). The occurrence of internal waves 
has been studied particularly in the Baltic proper, where heights of 10 m and lengths 
of up to 40 lem have been measured (Hela & Krauss 1959) and currents with rates 
of up to 50 cm/s caused by the waves have been noted (Krauss 1963). 
This hydrographic information illuminates the relationship between the bathy-
metric map, the sedimentary map and the map exhibiting the thickness of the soft 
sediments (Fig. 4, 21 and 24). Owing to shallowness (0 to 60 m), the orientation 
in the features of the bottom (SE-NW) and the velocity of the currents (0.50 to 
1.00 m/s) at a depth of 0 to 50 m, the area of erosion comprises the entire eastern 
Bothnian Bay, for a width of 30 nautical miles (50 to 55 km), and the northeastern 
part of the Bay, for a width of 40 to 45 nautical miles (70 to 80 km). As stated pre-
viously, the erosion of post-glacial sediments starts at a current velocity of 0.15 to 
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0.5 m/s, and their sedimentation is prevented at a velocity of about 0.10 m/s. Further-
more, the influence of the waves reaches down to a depth of 50 to 80 m (cf. p. 50). 
The finest material, which is present on the bottom and as suspension in water above 
the 50-60 m level, is kept at least temporarily in motion and can deposit permanently 
only in the central Bothnian Bay in the comparatively stagnant water deeper than 
80 m. 
As mentioned above, the differences between the silt deposits in the deepest 
depressions- are already marked at a depth interval of 10 m. At a depth of 100 m a 
sediment may be absent that at 110 m occurs as a layer several metres thick .(Fig. 25). 
This is presumably not an outcome of erosional activity, but is rather the partial 
prevention of accumulation at a depth of 100 m owing to temporary, slow currents. 
The effect of these currents, which reach even the greatest depths, is felt in winter, 
when the temperature of the water is practically constant from surface to bottom 
(Witting 1908, Palosuo 1964). 
Fig. 31. The concentration of humus in bottom sediments is highest 
in both the central accumulation area and in the littoral sedimentation 
basins. Between them there are sand and fine sand areas in which the 
humus content is often less than 1 %. Some of the determinations are 
according to Gripenberg (1934). 
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The central Bothnian Bay acts as an accumulator of fine sediments entering the 
area from elsewhere. The depositing matter is sorted under varying hydrographic 
conditions and only the coarse clay and still coarser sediments reach the bottom. 
Gripenberg (1934), who has described a silt-fine sand sedimentary type characteristic 
of the Bothnian Bay (her Type 1), states: » ... of all types of sediment probably 
Type 1 best reflects the sorting capacity of moving water»; she reached this conclusion 
on the basis of theoretic hydrodynamic calculations. 
Some of the matter, finer in grain size than the silt, is suspended in water and 
drifts south of the Quark with the southward resultant current. 
Although autochthonous biological production is weak in the Bothnian Bay 
(cf. p. 72), there is abundant discharge of organic matter by rivers (p. 68). As a 
result the content of organic matter in the silt rises up to 7 % (Fig. 31), which is 
of the same order of magnitude as in the biologically more productive southern 
Baltic Sea (7.3 to 9.5 %, Kolp 1966). In the cold environment of the Bothnian. Bay 
a relatively large portion of the organic matter undergoes deposition rather than 
re-entering back into biological cycle. Decomposition of organic matter takes place 
during a long period in the reducing conditions of the deposits. This process produces 
the black or dark gyttja silts, which are typical of the Bothnian Bay (Fig. 20). 
4.3.2. Offshore actI/vnr1olioia areas 
Occupied by uncompacted sediments between the central sedimentation basin 
and the coast are restricted areas that are located in separate depressions sheltered 
by islands and shallows. The upper boundary of silt is at a depth of 15 to 50 m. 
These discrete accumulation depressions are most common in the northern Bothnian 
Bay into which the larger-sized rivers transport sedimentary material. Near the coast 
of Sweden the sedimentation is intensified by the great depth of the fjord-like bays 
and the submarine extensions of the river valleys. In the same area the bottoms are 
soft, even in shallows (20 m or less). The discrete accumulation areas are most sparse 
in the Quark and in the sea north of it (south of 64°N). 
Near the coast the bottom of the depressions is composed of Type 5a material 
as described above. In quality it is close to that of the clayey silt in the central Bothnian 
Bay. The abundance of organic substance is as high (4-7 %) as in the deepest 
parts of the Bothnian Bay (Fig. 31). The depressions off Oulu are occupied by well-
sorted silt and fine sand fractions. Farther off the coast the mechanical composition 
in the depressions exhibits a wider range, including grain sizes 0.002 to 2 mm, 
although most of it is fine sand (0.05 mm). In the depressions farthest out the 
abundance of organic substance decreases to 2 % or less. Thus, the depressions, the 
nearshore ones in particular, act as effective collectors of the finest sediments and 
organic matter even though they are markedly shallower than the central Bothnian 
Bay. In the depressions near the coast the upper boundary of the silt sediments is 
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at a depth of 15 to 17 m but farthest from the coast it is 50 m. The finest sediments 
often lie unsymmentrically on the bottom of the basins (Fig. 12), which indicates that 
the currents hindering accumulation extend into the deepest parts of the depressions. 
Off Kemi and Tornio there are depressions or parts of depressions whose deepest 
portions are covered with sand. Their orientation coincides with that of the current 
marked on the maps by Palmen (1930) and Palosuo (1973 a). Currents guided by 
topography prevent sedimentation in the elongated depressions in the northeastern 
Bothnian Bay. 
Undoubtedly the absence of small accumulation centres from and immediately 
north of the Quark is a result of the strong currents that prevent sedimentation and 
because the area is comparatively shallow and flat, the depth being generally between 
20 and 60 m. 
4.4. ESKERS AND SAND BOTTOMS 
The sand areas and glacifluvial formations in the Bothnian Bay and its surround-
ings appear to be closely related to each other. Trending towards the coast of the 
Bothnian Bay on the Finnish mainland are esker trains that lose their shapes as they 
approach the coast and become flattened, probably through the action of littoral 
processes (Okko 1949, Molder & Salmi 1954). Some of these flat esker fields are 
considered as primary structures. 
On the coast, the flat-lying esker of Lohtaja extends into the sea from the pro-
montory of the same name. On maps and echograms, however, it appears on the 
sea floor sometimes as a wide esker with a flattened top and sometimes as a typical 
narrow esker (Fig. 32). 
The Lohtaja esker continues as an uninterrupted ridge for almost 30 km under 
the sea (Fig. 33). It trends about N30°W and conforms with the trend of the depression 
(fracture line) west of it. The esker bifurcates about 30 km from Lohtaja. One of 
the forks follows intermittently the edge of the depressions and rises locally 20 m 
above the surrounding floor. In places where the depression reaches a depth of 
115 m, the esker rises to a level of 63 to 65 m (64°24'N 22°56'E). Echo-sounding 
data are lacking for this part of the esker. There is, however, a hillock train on the 
detailed echo-sounding maps, made by the Board of Navigation, whose position 
is exactly on the continuation of the Lohtaja esker. The other fork of the esker 
turns northwards. It continues for at least 65 km from the coast to latitude 64°40'N. 
Fig. 32. The extension of the Lohtaja esker in the Bothnian Bay. Profiles I to III and the left half 
of profile VI were constructed from echo-sounding maps of the Board of Navigation, the remainder 
on the basis of echograms of R/V Aranda. At latitude 64°15'N the esker forks into two, or locally 
even three parts. Material from the esker has spread over the surrounding silt bottom, but more so on 
profiles XI and XII than on profiles farther south. Also note the flat tops and the pit in the esker 
on profile XII. 
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Fig. 33. The submarine extension of 
Lohtaja esker. The map yvas constructed 
on the basis of the echograms, and 
bathymetric data from nautical charts 
as well as detailed echo-sounding maps 
of the Board of Navigation. 
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The littoral end of the submarine part of the Lohtaja esker is a 3 km wide field, 
flattened on the top, which rises steeply 15 to 30 m above the adjacent area (cf. the 
lower five profiles in Fig. 32). In its more southern portions the top has been levelled 
almost to a horizontal plane at a depth of 10 to 12 m. From the fork onwards, the 
esker becomes discontinuous and narrows into ridges 0.2 to 1 lem in width and 
0.5 to 5 km in length. 
The southern margin of the esker borders a flat sand area, which farther north 
at the fork grades into an area characterised by valleys and hummocks trending 
NW—SE. Nearby the esker, the surficial sediments are fine sand but farther away 
they are clayey silt, till and silt with iron manganese concretions. The esker material 
has spread over the sides of the esker as can be seen from the profiles in Fig. 32, 
which demonstrate that fine-grained sediments are overlain by sand or fine sand. 
The northernmost profile shows a kettle hole in the middle of the highest hummock 
in the esker. 
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On the mainland of Sweden, in the same direction as the Lohtaja esker, are the 
two eskers of Piteå and Luleå, both with submarine sand areas trending towards 
the Lohtaja esker. Glacifluvial sediments have been met with on the islands in this 
area according to the Swedish Geological map of North Bothnia, southern sheet. 
The extension of the Piteå esker has been verified by means of echo-sounding as 
far as the Simpgrund shallows. The esker rises about 30 to 40 m from its base to a 
depth of roughly 20 m. It also is flat-topped and is surrounded by extensive sand 
areas and intense tectonic features oriented parallel to it. The extension of the Luleå 
esker is depicted on the sedimentary map (Fig. 21) by a sand lobe trending SE from 
Luleå, and by the depth contours of 40 to 60 m, which form long tongues trending 
SE. A ridge up to 10 to 20 km wide and typical of the topography of the sandy 
bottom is seen on the echograms in the extension of the Luleå esker that runs to the 
SE from the coast of Sweden. The continuation of the Luleå esker is possibly a giant 
esker similar to those described by Kukkonen (1969) and by Winterhalter (1972) 
from the Bothnian Sea. Whether the Lohtaja esker continues as the Piteå or Luleå 
esker cannot be verified on the basis of the data of the present study. It does seem 
plausible, however, that the Lohtaja and Piteå eskers are members of one and the 
same formation, since both occur on the exension of the other, and the fault lines 
that are often connected with the eskers (cf. Hyyppä 1954 and Härme 1961) seem to 
be directed towards each other along the flanks of the extensions of the eskers on 
either side of the Bothnian Bay. At 64°44'N 22°35'E, a site on the line joining Piteå 
and Lohtaja, two peaks that may be parts of an esker rise up through a fine sand field. 
Hoppe (1959: 202) has drawn two eskers into the Bothnian Bay on his map 
illustrating the positions of the margin of the continental ice. One of them is the 
forementioned Piteå esker and the other is located south of Tornio, in the northern-
most part of the Bay. The presence of these eskers was deduced from the trains of 
shallows depicted on nautical charts and because they are extensions of the eskers 
encountered on the coast. 
The most extensive and continuous sand areas in the Bothnian Bay are located 
on the shallow (0 to 50 m), flat-lying (relative differences in depth 0 to 20 m) bottom 
in the northeastern portion of the Bay (Fig. 21). The extensive sand area off Lohtaja 
in the middle of the eastern portion is likewise on a relatively flat bottom at a depth 
of 0 to 40 m. The largest sand fields in Swedish waters are located off Piteå and 
Luleå. The latter area extends, with some interruptions, almost to the centre of the 
Bothnian Bay to a depth of about 50 m. There is also an elongated sand area that 
runs from near Piteå towards the SE. Some other sand fields are encountered at a 
depth of 20 to 40 m in the southern Bothnian Bay around the southern end of the 
central accumulation basin. 
Many of the glacifluvial sand deposits on the mainland join up with marine sand 
areas. This is most marked in the Lohtaja esker and its submarine extension (cf. 
Okko 1949) as well as in the sand deposits on the sea floor near the extension of 
the Piteå and Luleå eskers. Around Oulu and south of it there are large sand occur- 
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rentes on the coast. Similarly, the island of Hailuoto off Oulu is covered with a sand 
deposit, 30 to 60 m in thickness (Veltheim 1969). The only formation in the Bothnian 
Bay that has been clearly established as glacifluvial in origin is the Lohtaja esker, 
whose morphology shows up most distinctly on the sea floor. 
The extensive sand deposits in and around the Bothnian Bay obviously derive 
from and are erosional products of the Muhos formation, a sandstone and shale 
deposit that locally attains a thickness of several hundreds of metres and is composed 
of erosional products from the Karelian mountain range, which existed in the area 
1 800 million years ago. The last time that the sand deposits of the Bothnian Bay 
were submitted to erosion and transport was during the Ice Ages. Even during 
postglacial time, however, and still today the sands are subject to many erosional 
and transporting processes. In the following these phenomena will be discussed to 
some length. 
It is evident that all the eskers elevated above the sea within the area of land 
uplift in the Bothnian Bay were levelled through the action of littoral processes. 
This means that the sand and gravel of the eskers have spread over a wide area 
around the primary esker, which presumably underwent the following deformation 
process: During land uplift a submarine esker is first submitted to erosion due to 
deep currents. Clay and silt fractions are the first to mobilise. With further uplift, 
the effect of the waves increases. When the bottom reaches the depth at which the 
waves break, the wave energy is at its maximum. The process of deformation continues 
until the esker has been completely eroded and its material displaced (cf. the 
deformation of eskers as described by Granö 1970 and 1976). 
Thus, the deepest parts of the Lohtaja esker depicted in Fig. 32, would have 
been submitted to some degree of deformation. There is no reason why 8 metre high 
waves should not develop in the Bothnian Bay, rare though this may be. Waves 
break when they reach water whose depth is 4/3 of the height of the waves; this 
means that under the conditions of the Bothnian Bay eskers remain levelled once 
they have risen to a depth of about 10 m. This appears to have happened to the 
Lohtaja esker on offshore profiles I to IV in Fig. 32. Since farther out to sea the 
esker descends to a greater depth, the profiles exhibit sharp peaks (profiles VII to 
X); at still greater depths, however, the tops of the profiles are once again flat, which 
cannot be attributed to the action of the waves, particularly since profile XII has 
two adjacent peaks, one of which is sharp and the other flat. The occurrence of flat-
topped esker profiles below the breaking zone of waves may be interpreted as a 
primary feature. 
The grain size of the sand in the Bothnian Bay is related to depth: the greater 
the depth of the bottom, the finer the sand. As stated previously, the sandy bottoms 
reach depths of 50 m, but some sand fractions are also encountered among the 
silt in the central depression. Veltheim (1969) tried to obtain for stone counts 
samples from as deep as possible in the Bothnian Bay and often succeeded in getting 
samples containing coarse material from slopes at depths of 60 to 70 m, or even 76 m. 
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Fig. 23 shows the upper boundary of silt covered by sand, a boundary that is 
frequently at a depth of 40 to 50 m. Silty bottoms underlain by a thin blanket of 
sand occur in small flecks, particularly in the eastern portion of the Bothnian Bay. 
Although the flecks are often too small to be marked on the sedimentary map, their 
depths have been plotted on the map in Fig. 23. They represent a transition between 
silt and sand sediments and are classified as sedimentary Type 4. Most of the sand-
covered silt bottoms occur in the eastern Bothnian Bay, where the relative differences 
in depth are small and where the sand bottoms occur more regularly than in the west. 
The rate of land uplift in the Bothnian Bay is about 10 mm/a or somewhat less. 
The present bed, which is now at a depth of 50 m, was at a depth of some 100 m 
5 000 years ago, provided that the rate of land uplift has remained constant. It has 
in fact slowed down. Initially, the sand-covered clay and silt bottoms were areas 
of active sedimentation, but with the uplift of the floor the sedimentation gradually 
came to an end. As the waters shallowed, erosion started. It is still going on today 
and intensifies with the decrease in the depth of the water. In the context of silt 
sediments, it was stated that the silt and coarse clay in the central Bothnian Bay 
contain a fine sand fraction of 4 to 10 %, but sometimes even 20 %. When the bot-
tom reaches the erosional level, it tends to come more and more under the influence 
of swift currents and so the comparatively uncompacted, silt-predominant bottom 
with some organic substance starts to erode. According to Lisitzin (1949), flow 
velocities of 50 to 60 cm/s (Table 8) have been noted at the anchorage sites of light-
ships in the Bothnian Bay close to the Finnish coast. These velocities were measured at 
depths of 15 to 25 m and, thus, cannot be applied directly to the depth of 50 m, 
although, as indicated by Table 8, the maximum velocities in fact seem to increase 
with depth. As stated by Hjulström (1935), under these conditions silt begins to 
erode; coarser sediments require still lower velocities. 
On the shallow bottoms the flow velocities seem to be such that they not only 
prevent the sedimentation of the clay and silt fractions but also displace the fine 
sand and silt fractions (cf. Table 7). When the finest matter enters the water facies 
under these conditions, it may be transported elsewhere, but sand and fine sand can 
hardly be so readily carried away from the area by water. Thus, during the uplift of 
the sea floor, sand both concentrates in certain places and drifts onto the silt bottoms. 
The process is best developed at a depth of about 50 m in the transition zones between 
silt areas and sand or till bottoms. 
TABLE 8. Maximum flow velocities (m/s) at lightship anchorages in the eastern Bothnian 
Bay (Lisitzin 1949) 
Lighrsip 	 Surface 	 Intermediate 	 Botrom 
depth 	 15-20 ro 
Kemi ...................... 	SW 	0.56 	I 	NNW 0.50 	NNW 0.50 
Nahkiainen ................. SW 	0.59 SW 	0.53 S\V 	0.60 
Helsingkallan ............... 	WSW 0.53 	SSW 0.55 	 \W/SW 0.67 
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Other factors besides concentration may also cause fine-sand and sand to enter 
the silt areas. In spring and Kvinter ice floats drift from the shore out to the open 
sea and drop minerogenic material to the bottom when the ice melts. Apart from the 
offshore zone, however, transport of this type is of minor importance. 
In offshore areas, outside the breaker zone, erosion and displacement brought 
about by waves must also be taken into account, as was pointed out in the context 
of the Lohtaja esker. The wave-bound movement of a sediment is accompanied by 
real displacement, whereby the finest matter is transported along the bottom against 
the movement of the waves and the coarser matter in the direction of the movement, 
but for a shorter distance (Norrman 1967). Examples of this kind of transport of 
coarse material have been described, for instance by King (1972: 248-249). More-
over storms cause considerable transport of gravel and sand within the breaker 
zone, as described by Järnefors (1949) on the western coast of the Bothnian Bay. 
All these processes contribute to the production of finer fractions of sediments 
(cf. pp. 70-71). 
According to Hjulström (1935) (cf. Table 7), the displacement of fine sand frac-
tions takes place at a flow velocity of 18 cm/s, a velocity common in the Bothnian 
Bay (Lisitzin 1949). Since the resultant current flows counter-clockwise in the Both-
nian Bay, it can be assumed that the sedimentary matter drifts on the bottom in the 
same direction, only to turn slightly to the left in its effort to reach the deeper sea. 
A discussion of displacement of sediment of this kind is beyond the scope of this study 
owing to the lack of information on sedimentary transport and water movements. 
4.5. TILL BOTTOMS 
The most extensive and continuous till occurrences are located in the southern 
Bothnian Bay, from where they enter the Bothnian Sea by way of the Quark (cf. 
Ignatius et al. 1970). Till floors are also spread over a wide area off the eastern coast 
and locally near the coast of Sweden. The coastal till occurrences marked on the 
sediment map are somewhat dubious, since this information derives from nautical 
charts, and there is always the likelihood, particularly on the western coast, that till 
and sand bottoms, as well as those containing iron manganese concretions, cannot 
be distinguished from each other. The till in the uppermost layer of the floor of the 
Bothnian Bay is not primary. Mechanical analyses show that the samples taken from 
the so-called till bottoms have always been sorted to some extent, and that silt, fine-
sand, or sand are the predominant fraction. It is clear from the composition that 
displacement and sorting take place on the surface of till. The term till is, however, 
justified by the fact that on the echograms the occurrences exhibit not only topo-
graphy typical of the surface of till but also the fairly large range in grain sizes and 
angular shapes of pebbles in samples collected from such places. Fig. 22 C illustrates 
the average grain size distribution of till in Finland and in samples from the Bothnian 
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Bay. The shape of the curves for the Bothnian Bay indicates smaller grain size and 
marked sorting. There are only a few samples that can be called till in composition. It 
must also be remembered that the till samples collected do not represent till ist sftnr, 
but its washed uppermost part. The uppermost layer of the till bottom seems to be 
sorted to some extent throughout the Bothnian Bay. The bottom and sedimentary 
Type 1, denoted as till bottom on the sedimentary map (Fig. 21), is classified as such 
principally on account of its topography. 
The comparatively well-sorted matter of the uppermost layer of the floor of the 
Bothnian Bay differs significantly from the sediments elsewhere in the Baltic Sea. 
Gripenberg (1934) distinguishes an entirely unsorted post-glacial type, grain size 
0.001 to 0.5 mm and So = 7-8, which is not till either, but post-glacial sediment 
deposited in small depressions at variable flow rates. In her study dealing with the 
Baltic Sea as a whole, Gripenberg makes no mention of till. It was included in to the 
marine geological research of the Baltic Sea after the introduction of effective echo-
sounders and acoustic reflection profilers (Ignatius 1958 a and 1958 b, Winterhalter 
1969). 
After interpretation, the seismic profiles are a source of information on the thick-
ness of the till on the Baltic Sea floor. Till beds, 10 to 30 m thick, have been noted 
in the Baltic Sea proper (Litvin et al. 1974), whereas in the Bothnian Sea, the total 
thickness of the glacial and post-glacial deposits appears to be 40 to 50 m (Winter-
halter 1972: Fig. 11). 
The echograms often show the till bottom, even through a thin bed of silty clay. 
The till blanket conforms largely with the topography of the bedrock and only 
the post-glacial sediments overlying the till smooth the bottom surface (cf. Litvin 
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Fig. 34. Typical till bottom at a depth of 15 to 44 m. The bottom exhibits all grain sizes 
form silt to boulders; the topography is rough (relative depths about 10 m). The silt blanket 
is so thin that continuous silt layers cannot be discerned, even in the depressions. 
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et al. 1974). The frequent depth variations, the serrated profile and the lack of »soft» 
deposits on the echograms all indicate till bottom (cf. Figs. 34 and 35). 
In the Bothnian Bay, the till bottoms are mainly located above a depth of 50 m 
in a zone where the kinetic energy of water, which causes erosion, is highest and 
where also fine sand and sand deposits occur. Owing to land uplift, the till areas 
that were possibly formerly covered by late glacial and post-glacial sediments are 
nowadays exposed for large areas on the bottom. In the deepest sites of the till bottom, 
the topography is slightly more undulating than on the shallow till bottoms, since 
the till may be overlain by a thin cover of glacial or post-glacial sediment with some 
Fig. 35. Sea floor northwest of Raahe at a depth of 20 to 56 m. 
The depth contour interval is 2 in. 
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iron manganese precipitates (cf. Fig. 36). A similar succession in the till bottom has 
been reported from the Bothnian Sea by Winterhalter (1972) and is clearly illustrated 
in Fig. 23 of his paper. According to him, the smoothing is due to »late-glacial 
varved silts». Fine-grained sediments accumulate in small depressions in the till 
topography, its thickness increasing with depth. Some of the contours delineating 
the uppermost boundary of silt depicted in Fig. 23 were established by means of 
observations on the depth of the post-glacial sediments in the depressions of the till 
bottom. 
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Fig. 36. »Relic bottom» (Type 2) off Råahe at a depth of 45 to 85 m. The topography is 
similar to that of the till floor (cf. Fig. 34), but not so rugged because low-intensity sedimen-
tation levels off details of the topography. Silt sediments are encountered in limited areas of 
the depressions. Owing to concretions, the bottom is acoustically non-transparent, and produces 
a dark hue on the echogram. Point P is located at 64°37'N 23°12'E. 
Fig. 35 illustrates a typical till bottom as it appears on a map. The map covers 
a past of the till area off Raahe. The topography is characterised by irregular 
hummocks with intervening depressions. The Figure also shows one of the sub-
marine »river beds». In this area, the submarine hillocks are elongated in shape, 
being from 100 to 800 m in length. Heights of up to 20 m have been measured from 
the bottom of the depressions. The forms of this bottom exhibit a slight east-west 
orientation. The Figure illustrates a common feature of the bottom of the Baltic 
Sea, which has also been pointed out by Winterhalter (1972: 50-51) from the Both-
nian Sea, namely that the deepest depressions are often located at the foot of slopes 
or between two hummocks. This is due to the action of erosion and accumulation 
on the rough sea floor caused by both currents and sea-bed topography. Currents 
wear down the exposed bank, thereby eroding it or preventing sedimentation, 
whereas the sediments carried along in suspension are deposited on the bottom of 
the lee side of the current. Thus, the uppermost layers of the shallow till bottoms 
are sorted and redeposited. The bottom in Fig. 37 is located west of the variegated 
till bottom described above; it also represents till areas on the sediment map. On the 
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map of Fig. 37, the topography is distinctly more undulating and exhibits some 
degree of orientation, although it does show some features (a slope perpendicular 
to the general trend and an extensive valley parallel to the longitudinal direction 
of the Figure) that make it comparable with the long depressions off Oulu and Kemi 
(cf. pp. 24 to 27). Analyses of this area reveal the weaknesses in the echo-sounding 
method. The seismic reflection method would recognise the glacial deposits and 
23°4O' 
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Fig. 37. Sea floor northwest of Raahe at a depth of 60 to 90 m. The depth 
contour interval is 2 m. 
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the acoustic properties of the bedrock, but with echo-sounding it cannot be de-
mostrated whether one is dealing with a drumlin area or the topography of the Muhos 
formation. The latter alternative is favoured, because the area covered by Fig. 37 
is on the continuation of the Muhos formation and because this formation is assumed 
to extend close to the coast of Sweden (Rudberg 1954: appended map and Veltheim 
1969: sandstone observations at sites L 12, L 6 and P 26, pp. 16-22). In any case, 
the surface of the sea floor in this area seems to be predominantly till and thus 
justifies the corresponding denotations on the sediment map. 
West of the study area, the till occurrences on the coast more or less join up with 
those on the sea floor. The fairly continuous till areas south of Raahe have their 
counterpart in the extensive till bottom near the coast of Central Ostrobothnia (cf. 
Hyyppä & Penttilä 1961). Other till-predominant areas are the mainland around the 
Quark and the islands in it, the floor in the southern Bothnian Bay and the shallows 
in the Quark. The silt and clay occurrences in the terrestrial coastal zone are fairly 
restricted in size. 
4.6. IRON MANGANESE PRECIPITATES 
Winterhalter (1966) has studied the iron manganese precipitates in the Gulfs of 
Bothnia and Finland. He made observations at 41 sites in the Bothnian Bay. 
Precipitates were encountered at depths of 33 to 113 m on the most varied 
types of sea floors. The concretions occur either as concentric formations attached 
to pebbles or as smallish deposits of spheroidal concretions, plates or coin-shaped 
bodies. 
Spherical, pea-shaped ore predominates in the Bothnian Bay. The percentage 
frequence of occurrence of the concretions in the samples taken from the floor of 
the Bothnian Bay is 46 and for those from the Bothnian Sea 39. It should be noted, 
however, that Winterhalter deliberately selected areas likely to contain concretions. 
In the present study, concretions were observed in only 23 % of the bottom samples. 
This percentage is too low, though, since small amounts of concretions occasionally 
went undetected. It can be estimated, however, that 30 % of the bottom of the 
Bothnian Bay contain iron manganese precipitates. According to Winterhalter (1966), 
the richest deposits in the Baltic Sea occur in the centre of the Bothnian Bay in an 
area of about 3 000 km2. 
Winterhalter maintains that, apart from the precipitation processes of iron and 
manganese, the regional distribution of the precipitates is largely controlled by the 
prevailing sedimentation and bottom currents. The depth of the water seems to have 
hardly any effect, since concretions have been met with on both shallow bottoms and 
in the depressions in the Baltic Sea. Exceptions are the shallow littoral zones in which 
vegetation and the movement of bottom matter prevent the formation of precipitates. 
Precipitates are also lacking from basins in the process of being filled. Fe-Mn precipi- 
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tates can be met with, however, at elevated sites of bottom topography out of the 
reach of gyttja clay formation. 
Some samples collected by Winterhalter from the centre of the Bothnian Bay 
contained 7 to 8 kg/m2 concretions with an average of 20 % Fe and 15 % Mn. The 
precipitates also show comparatively high abundances of phosphorus, ranging in 
the Bothnian Bay from 2.5 to 6.4 % in dried samples. Organic matter constituted 
3 to 5 %. 
The iron and manganese in the precipitates derive fiom matter transported by 
rivers and from weathering products of the bedrock on the sea floor and in the 
littoral zone. Some of them, at least, originate from sediments or even as a result 
of the activity of bacterial colonies. Estimates of the rate of growth vary from 1 
mm/1 000 years to 1 mm/10 years. Winterhalter favours the latter for the precipitates 
of the Baltic Sea. 
Conditions in the Bothnian Bay seem to be particularly auspicious for the occur-
rence of iron manganese concretions; precipitation takes place only under oxidisning 
conditions whereas under reducing conditions the concretions go into solution. 
Hence, a bottom covered with concretions indicates an abundant supply of oxygen. 
When plentiful, precipitates are generally in association with silt and clay sediments 
on the kind of bottom (Type 2) that has been subject to neither accumulation nor 
erosion. Since the large precipitates may be of great age (hundreds, even thousands 
of years old), the topography'. and the location of the sediments have long remained 
the same and thus the present sea floor is a kind of relic. 
It is often difficult on the basis of echograms to distinguish between concretion-
covered bottoms and clay or silt bottoms overlain by sand, since both have a similar 
response (cf. Winterhalter 1966: 11). Thus, doubtful bottom types were checked by 
samples from the sea floor. On the sediment map (Fig. 21), the concretion bottom 
is marked by symbols similar to those used for the till bottom. This is not to say 
that concretions associate with till alone, but rather that the topography of the 
bottom often tends to resemble that of till areas. This may be because fresh sediments 
do not deposit on a bottom covered by concretions so much that they level off 
the structure of the uppermost till blanket (Fig. 36). 
As shown above, concretions occur in different environments. They are most 
abundant in the areas marked on the sediment map as concretion bottoms. The 
map does not, however, indicate that precipitates are locally abundant on sandy 
bottoms around pebbles and on silty clay as spherules. 
4.7. RECENT SEDIMENTATION 
The depositing matter carried by water in the Bothnian Bay derives from the 
following sources: 
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— Sediments delivered by rivers 
— Erosion products from shores and sea-bed 
— Autochthonous biogenit matter 
— Matter discharged from the Bothnian Sea 
There are few studies on the types and quantity of the depositing sediments that are 
transported to the Baltic Sea from the mainland or that are formed in the Sea itself. 
It was not until the 1970s that Soviet investigators published quantitative data on 
the origin of sediments in the Baltic Sea on the basis of a large number of observa-
tions (Pustelnikov 1975 and 1976), see Table 9. There seem to be about 6 times more 
erosion products than fluvial sediment. Biogenic matter accounts for 80 % of the 
total amount of the suspended material in the Baltic Sea water. 
Table 9. The matter discharged into the Baltic Sea, million t/a (Pustelnikov 1975) 
Sediments delivered by rivers 	.......... 
Terrigenic 
matte[ 
Biogenic 	 Total 
matter % 
4.8 1.5 6.3 2.9 
Erosion products from shores and sea-bed 37.9 0.3 38.2 17.6 
Inflow from the North Sea 	............ 0.4 0.3 0.7 0.3 
Biogenic substances 	................... — 172.1 172.1 79.2 
Total 	43.1 	 I 	174.2 	 I 	217.3 	 I 	100 
4.7.1. Matter in water .ruspension 
Fig. 38 shows the abundance of suspended matter on the longitudinal profile of 
the Bothnian Bay. The Figure was constructed on the basis of the average values 
for suspended matter in the Bothnian Bay as reported by Kohonen (1973). The 
determinations were made using a 1 um filter, which is too coarse to indicate the 
total of the sediments. Even though the distribution of suspended solids as given 
in Fig. 38 was constructed on the basis of only five annual averages at five observa-
tion sites, it is consistent with the analytical data gathered by Kohonen on suspended 
matter at other sites in the Bothnian Bay. 
The concentration of suspended matter in the subsurface water (1-10 m) is 
generally 2.4 to 2.6 mg/l and near the bottom 2.6 to 3.5 mg/l. Concentrations exceed-
ing 3 mg/l are encountered in water near the bottom in the northern Bothnian Bay, 
in the Quark and in the southermost portition of the Bay. This is compatible with the 
average concentration reported by Pustelnikov (1975) for the Baltic Sea as a whole: 
3.3 mg/l for the 1 to 10 m thick subsurface layer, 2.0 mg/l for the intermediate depth 
and 3.0 mg/l for the near-bottom water. 
The maximum concentrations in the Bothnian Bay coincide with sand or till 
bottoms, that is, areas of erosion. 
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Fig. 38. The concentration (mg/l) of suspended solids in the longitudinal section of the Bothnian Bay 
according to Kohonen (1973). The highest concentrations are met with in the bottom-near water 
and wherever, in depths of less than 80 m, the currents keep the solids suspended for long periods. 
In the central deposition basin the concentration is lower; minimum abundances are encountered 
in the intermediate water in the central Bothnian Bay, at the middle of the counterclockwise eddy. 
4.7.2. Matter discharged by rivers 
Gripenberg (1934: 163) estimated that the annual total of humus transported by 
rivers to the Bothnian Bay was 2.48 million tons, that is 67 g/m2 a. She based her 
calculations on the average humus concentrations of 13 g/m 3 for rivers entering 
the Bay from the mainland of Sweden and 31 g/m3 for those from Finland. 
Vito (1955: 13) has calculated that the average abundance of organic substances 
in the water of the river Kemijoki is 26.3 mg/1 and that of inorganic matter 19.1 mg/I. 
The corresponding figures for the water of the Oulujoki are 21.1 and 22.5 mg/1. 
If it is assumed that the concentration of organic matter in all rivers flowing into 
the Bothnian Bay is 25 mg/1 and that the discharge of the rivers is 102 km/a, as 
suggested by Milculski (1970), the initial values of Viro give 2.55 million tons for 
the amount of organic matter flowing into the Bothnian Bay, which is slightly larger 
than that reported by Gripenberg. Distributed over the entire bottom of the Bothnian 
Bay it gives 70 g/m2•a. 
Wartiovaara (1975) has calculated the amounts of fluvial sediments transported 
to the Bothnian Bay as: 
Organic C ................................ 	410 000-430 000 t/a 
Suspended solids ........................... 	400 000-520 000 t/a 
When the concentrations of suspended solids in rivers entering the Bothnian Bay 
from the mainland of Sweden are included, then, on the basis of data given by Nilsson 
(1972), a value of 1.1 to 1.5 million tons per annum is obtained; calculated over 
the entire floor of the Bothnian Bay, this gives a value of 31 to 40 g/m2. 
The transport of fluvial matter to the Bothnian Bay is no longer the same as it 
was before rivers were regulated. Consequently, the analytical data on suspended 
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solids gathered since control should not be used in calculations of the quantity of 
fluvial sediments discharged to the sea during certain periods. Nowadays only two 
fairly large rivers flow into the Bothnian Bay that have not been dammed and fot 
which some information is available on sediment discharge. These rivers, the Tornio 
and Kalix, have been investigated by Hjort (1972). They both show large variations 
in the amount of suspended solids discharged to the sea, but differ from each other 
in that the abundances of suspended solids in the river Kalix are conspicuously 
lower than those in the river Tornio (Table 10). 
The Table shows that 55 to 90 % of the inorganic matter and 50 to 75 % of the 
organic matter is transported during the two spring months. This might explain 
the microvarves reported by Ignatius (1958 b) and Jerbo (1961) for postglacial 
sediments in the Baltic Sea. 
Although it is not recommended that the average concentration of suspended 
solids in rivers be calculated on the basis of such intensely fluctuating values, better 
methods are difficult to conceive if the aim is to estimate the rate of sediment discharge 
to the Bothnian Bay by rivers in a natural state. Observations on two rivers for three 
TABLE 10. The monthly concentrations in tons of suspended solids in the Kalix and 
Tornio rivers in 1967-1969 (Hjort 1972) 
'1onth 
1967 1968 1969 
Inorganic 
matter 
Organic 
matter 
Inorganic 
matter 
Organic 
matter 
Inorganic 
neuter 
Organic 
matter 
Kalix 	I 	................ 400 800 400 600 300 700 
II 	................ 200 500 300 400 200 500 
III 	................ 200 300 200 400 200 500 
IV 	................ 300 400 300 300 200 500 
V 	................ 23700 17 300 5 500 3 200 11 100 6 000 
VI 	................ 7 400 6 900 31 200 11 300 5 200 5 600 
VII 	................ 4 100 4 900 4 100 3 600 2 900 2 700 
VIII 	................ 6 600 6 500 2 400 1 600 1 000 800 
IX 	................ 3 400 2 600 1100 1 100 500 700 
X 	................ 3 200 3 100 1 000 900 1 300 1 300 
XI 	................ 4 700 4 700 500 700 600 1 100 
XII 	................ 1 000 1 800 400 800 400 600 
Total 55 200 49 800 47 400 25 000 24 300 21 000 
Tornio 	I 	................ 400 1 500 500 1 000 200 700 
II 	................ 200 900 300 400 200 400 
III 	................ 200 800 300 500 200 600 
IV 	................ 200 700 300 600 300 600 
V 	................ 60300 20700 12 000 3 700 26 800 12 200 
VI 	................ 40 600 13 000 149 100 24 800 15 200 9 600 
VII 	................ 8 500 7 600 4 600 2 600 3 500 2 100 
VIII 	................ 14 600 14 100 1 800 1 400 800 1 200 
IX 	................ 5 600 4 000 1 100 1 400 1 100 1 000 
X 	................ 7 700 5 000 1 400 1 000 2 100 1 700 
XI 	................ 13000 6200 400 700 800 800 
XII 	................ 1 300 2500 300 400 300 600 
Total 153 000 77 000 172 000 38 500 61 500 31 50.0 
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complete years give an average of 7.8 mg/1 for inorganic matter and 3.7 mg/l for 
organic matter. 
The figures given in Table 11 were calculated on the basis of the above values 
obtained by different methods. The »Area of active sedimentation» in the Table 
was calculated from the sedimentation zones in Fig. 24 by including littoral silt-
covered areas in the central Bothnian Bay. The surface area of active sedimentation is 
18 400 km2, or about one half of the total area of the Bothnian Bay. The rate of 
sedimentation in Table 11 refers to the area of active sedimentation alone. The 
calculation of the rate of sedimentation was based on a density of 1.3 for the matter 
involved (Ignatius, according to Winterhalter 1972). 
Thus the range given by different methods is 0.6 to 1.3 mm/a, which is of the 
same order of magnitude as the 1 to 2 mm/a measured for the sediments from the 
Gotland deep (Ignatius & Niemistö 1971, Niemistö & Voipio 1974). Applying a 
method based on the determination of radioactive 210Pb, Rosenberg (1972) obtained 
0.6 mm/a from samples of Niemistö for the rate of sedimentation in the Bothnian 
Bay and 1.2 mm/a for the Gotland deep. Winterhalter (1972), on the other hand, 
estimated that the mean rate of sedimentation in the Bothnian Sea was 0.27 mm/a, 
a figure that is, however, only valid for the Bothnian Bay as a whole, and when the 
area of active sedimentation in the Bothnian Sea is relatively smaller than that in 
the Bothnian Bay. The rate of sedimentation in the Bothnian Sea, if calculated solely 
for the area of active sedimentation, approaches the rate in the Bothnian Bay. The 
rate calculated by Winterhalter cannot be compared as such with the rates of sedi-
mentation in the Bothnian Bay and in the Gotland deep, since the latter represent 
the current rate of sedimentation, whereas the rate of 0.27 mm/a by Winterhalter 
in the average for the past 7 000 years in which the compaction of the bottom reduces 
the numerical values of the sedimentation rate. 
4.7.3. Products of littoral processes 
The minerogenic matter that is produced on the shallow bottoms through the 
grinding effect of waves contributes to sedimentation. There are no accurate observa- 
TABLE 11. The amount of annual depositing matter and rate of sedimentation as calculated 
from values of sediment discharges published by five authors 
Discharge of 	The amount of depositing matter 
sediments to Rate of 
the Bothnian 	The entire 	Area of active 	sedimentation 
Bay 	 Both nian Bay 	scdimcntation mm/a 
Mill. t/a g/m' • a g/m' • a 
Gripenberg (1934) ................. 	2.48 	67 	 135 	1.2 
Viro (1955) ....................... 2.55 70 139 1.3 
Hjort (1972) ...................... 	1.17 	32 	 64 	0.6 
Wartiovaara (1974) and Nilsson (1972) 	1.2-1.5 31-40 63-82 0.6-0.7 
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TABLE 12. The sinking rate of silt and clay particles in distilled water at 20°C (Icing 1961) 
Grain size 	 I 	 Sinking ratt 
31.2 um 75.2 m/d 
15.6 18.8 
7.8 4.7 
3.9 1.2 
1.95 6.3 
0.98 0.074 
tions on this phenomenon from the Bothnian Bay, but, from the Black Sea, which 
may be taken as an example. Zenkovich (1967: 90) reports that sandstone boulders 
lose annually almost 5 % of their weight and crystalline rocks 2 to 5 %. Salminen 
(1935) tested the wearing down of granite and gneiss boulders on the coast of the 
Gulf of Finland. On stony and gravel shores, they lost 0.13 to 0.28 % of their weight 
per 100 hours when the wind was blowing from the open sea. On a sandy bottom, 
the stones lost 0.03 to 0.37 % of their weight per hundred wind hours. Thus, the 
wear of even the hardest rocks is surprisingly rapid. Any evaluation of the findings 
of Salminen must take into account the limited data he had at his disposal. If, however, 
his figures are generalised, it is seen that stones may lose 8 % of their weight during 
the ice-free seasons, provided that the wind is blowing from the sea for 600 hours 
each month and that the decrease in weight is assumed to be 0.20 % per hundred 
wind hours. In any case, considerable amounts of fine minerogenic matter, loosened 
from the floor of the Bothnian Bay under the influence of the waves, migrates farther 
off to accumulate in the area of active sedimentation. This concept is supported by 
the investigation by Pustelnikov (1975) indicating that only 11 % of the suspended 
terrigenic matter in the Baltic Sea derives from rivers, the rest being products of 
erosion on the shore and bottom. Hence, we are faced with a large scale event of 
erosion and transport, which has received little notice to date. The suspended matter 
shown in Fig. 38, which is most abundant at the northern and southern ends of the 
Bothnian Bay and elsewhere in littoral waters, may originate largely from shallow till, 
stone and sand bottoms. It remains in suspension, because the flow of water and its 
turbulent movement prevent it from depositing on the bottom (pp. 49-52). The sus-
pension is most dense in places where the action of waves and currents on the bottom 
is most intense. The finest matter, once loosened from the bottom, may remain in 
suspension for considerably long periods. According to Table 12 it would take a silt 
particle some 3 to 160 days to sink from the surface to a depth of 50 m. If the average 
rate of flow is 3 cm/s, which is typical of the Bothnian Bay, a particle could move 
26 km in 10 days or 260 km in 100 days. The sinking of clay fractions to a depth of 
50 m takes 0.5 to 1.8 years, during which time a particle could in theory be transported 
in surface currents from the northern portion of the Bay down through the Quark 
and out to the Bothnian Sea. 
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4.7.4. Biogenit substances 
In the Bothnian Bay the average quantity of authochthonous biogenic substances 
is markedly over than in the Baltic Sea owing to the lov rate of biologic production 
in the Bothnian Bay. The differences in biologic production are reflected in the fol-
lowing observations on primary production reported by Lehmusluoto (1971), 
Fonselius (1972) and Niemi (1975): 
Bothnian 	Bay 	............................ 10— 20 gC • m-2 • a- t 
Bothnian 	Sea 	............................. 57— 70 —»- 
Gulf 	of 	Finland 	.......................... 23— 65 —»- 
Baltic 	Sea 	proper 	......................... 78 -116 —»- 
Southern 	Baltic 	Sea 	....................... 82 -121 —»- 
The 	Danish 	Straits 	........................ 86 -101 —a— 
Results- from direct measurements on the sedimentation of biogenic substances 
in the Bothnian Bay are not available. Indications as to the order of magnitude of 
the phenomenon are, however, given by data from observations carried out near 
Landsort, south of the archipelago of Stockholm, during the spring bloom of plankton 
at a depth of 10 to 120 m (Jansson 1972). The rate of sedimentation was 
0.5 g C • m-2 • d-1, which was measured after sedimentation lasting for 14 days. 
The rate is of the some order of magnitude as that for the sedimentation of organic 
matter in the southern Baltic Sea, for which Zeitschel (1965) reported 500 g organic 
matter a year per m 2 transformed into dry matter. Owing to the low rate of primary 
production it is obvious that this kind of sedimentation is appreciably smaller in 
the Bothnian Bay. Gripenberg (1934) studied the occurrence of diatoms in the 
sediments of the Baltic Sea and found them in almost every sample. Other organic 
components of the sediments include the remants of plankton and benthic algae, 
remnants of higher plants, bottom and plankton animals and their pellets in the 
littoral zone as well as organic matter discharged by rivers. According to data gathered 
in the course of the present study, the sediments of the Bothnian Bay contain 1.5 to 
6.7 % organic matter in silts and 0.3 to 1.3 % in sands. 
The bottom samples collected from the Bothnian Bay often show a layer of gyttja 
clay, a few millimetres in thickness, composed mainly of light organic matter (cf. 
Fig. 20). This facies, which is intermediate between water and bottom, is called 
»temporarily sedimented material>) by Voipio (1973). Its density is roughly the same 
as that of water and so it is displaced by even the slightest current. According to 
Voipio (1973), determinations of the sedimentation rate and estimates of the quantity 
of sedimenting substances in the Baltic Sea are complicated by the temporarily 
sedimented matter, the decomposition of organic sediment, the random distribution 
of sediments, the organic substances attached to sinking inorganic particles and 
redeposition. More recently, Pustelnikov (1975 and 1976) has given the following 
information on the temporary nature of the biogenic matter on the floor of the 
Baltic Sea: 1.5 % of the biogenic matter discharging to the Baltic Sea is deposited 
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on the bottom and 0.08 % remains permanently in the sediment. Most of it is 
returned to the biological cycle by the movement of water, biochemical and geo-
chemical processes and the accompanying dissolution. 
4.7.5. Matter leaving the Bothr;ian Bay 
As mentioned on page 71, the fine minerogenic matter ground by littoral forces 
may in theory migrate out of the Bothnian Bay. In the context of the distribution of 
sediments it was noticed that erosion bottoms are especially common in the Quark. 
Furthermore, the clay fraction in silt areas of the Bothnian Bay is almost invariably less 
than 20 %. Elsewhere in the Baltic Sea, clay sediments are fairly common (Gripenberg 
1934) and their percentage, particularly in the archipelago, is high (Heino 1973). 
Gripenberg demonstrated that the finest sediments in the Bothnian Bay are effectively 
sorted in water before deposition. 
The studies by Palmen, Witting and by Palosuo on the movements of water in 
the Bothnian Bay were referred to earlier. According to Grönvall (1970), current 
velocities of 0.40 m/s in the Quark are common. Grönvall maintains that when the 
currents are very strong, water flows through the whole width and depth of the 
Quark towards the Bothnian Bay. Palosuo (1973 a) reports velocities of 1 to 2 knots 
(0.5 to 1.0 m/s) and Uusitalo (1976) 0.1 m/s as average velocities for the southern 
Bothnian Bay. The above studies indicate that the currents can trend, not only in 
the same direction as the Quark straits, but also east or west. The westward 
currents seem to be especially common. 
Swift currents with varying direction contribute to the erosion and distribution 
of suspended matter and the type of bottom in the Quark and the southern Bothnian 
Bay. The currents transport suspended matter from the Bothnian Bay to the 
Bothnian Sea and vice versa. Since more water flows out of the Bothnian Bay than 
enters it from the south, the net current of suspended material is southwards through 
the Quark. 
The quantity of sediments leaving the Bothnian Bay can be calculated as follows: 
the period of theoretical delay in the Bothnian Bay is 2.5 to 3 years and about 100 km3 
water is drained annually from the Bay (Fonselius 1971, Lisitzin 1974). The average 
concentration of solids in the draining water is 2.5 to 3.0 mg/l (Fig. 38). Thus, 
250 000 to 300 000 tons of solids would leave the Bothnian Bay annually. This is 
of the same order of magnitude as the total amount of solids discharged annually to 
the Bothnian Bay by the rivers Tornio and Kalix. 
4.7.6. The amount of silt sediments 
The rate of sedimentation and the amount of post-glacial sediments can also be 
calculated from the post-glacial age of the Bothnian Bay, the thickness of the silt 
deposits and their density. 
10 17271-76 
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About 9 000 years ago the eastern shore of the Bothnian Bay was covered by 
glacial ice. Some 400 years later, that is 8 600 BP, the ice had withdrawn westwards 
across the sea. After the glacial ice had melted, the Bothnian Bay became a part 
of the fresh-water stage of the Baltic Sea, the Ancylus lake, until, as a result of the 
opening of a channel to the ocean in the southern Baltic Sea it was converted about 
7 000 years ago into a gulf of the Litorina Sea, which was then more saline than 
today (Sauramo 1958, Hyyppä 1966 and Eronen 1974). During the rather warm, 
marine Litorina stage, abundant organic matter ended up in sediments (Ignatius & 
Niemistö 1971). The Litorina Stage continues as the Postlitorina Stage, which is 
somewhat more limnic than before, especially in the Bothnian Bay. 
During the sedimentation process that started about 8 500 years ago, deposits 
thicker than 10 m, occasionally as thick as 16 m as indicated by echo sounding, were 
formed in the Bothnian Bay (Fig. 24 to 27). The rate of sedimentation of a 10 m 
thick bed is thus 1.2 mm/a and for a 16 m thick bed 1.9 mm/a. This value refers 
to compacted sediment in places with the highest rate of deposition. However, the 
thickness of the Ancylus sediments as recorded by the echo sounder seem to be 
relatively inconsiderable. It would therefore be more justifiable to exclude the Ancylus 
Stage from the counts, which would give higher sedimentation rates. 
Winterhalter (1972) has calculated that since the early Litorina Stage, 130 X 109 
tons of sediments have deposited in the Bothnian Sea. By taking, as Winterhalter 
did, 1.3 for the density of the. sediment and the surface areas of the silty deposits 
in Fig. 24 and further by assuming the average thicknesses to be those given in 
Table 13, the quantity of silt sediments in the Bothnian Bay can be estimated. 
Thus, the silt sediments in the Bothnian Bay total 248x10° tons. This figure is 
higher than that for the Bothnian Sea, which covers a considerably more extensive 
area than the Bothnian Bay. The difference may be attributed to the fact that the 
runoff of present-day discharge to the Bothnian Bay is 3 224 m3/s and to the 
Bothnian Sea only 2 634 m3/s (Mikulski 1970). Hence, for the past 7 000 years, the 
annual increase in sediments has been 21 million tons. The corresponding figure 
reported by Winterhalter in his study on the Bothnian Sea is 19 million tons, which 
he compared with the amount of sediments delivered by rivers and pointed out 
TABLE 13. The amount of silt sediments in the Bothnian Bay 
Denotation on map (Fig. 24) 
Average 
thickness 
m 
Surface arca 
km' 
Volume 
km' 
Black 	................................ 15 1 600 24 
Dense 	lines 	.......................... 7.5 8 100 61 
Sparse 	lines 	.......................... 2.5 6 000 15 
Littoral 	basins 	......................... 5 2 700 14 
Total 18 400 114 
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that the load of suspended solids in the fluvial waters should be 200 mg/l, whereas 
in reality it is less than 50 g/l. The concentration of solids in the rivers running into 
the Bothnian Bay should be 206 mg/I to match the annual increase of 21 million tons 
in the sediments. However, the concentration of solids in the rivers discharging into 
the Bothnian Bay is only 4 to 34 mg/1 (Wartiovaara 1975). Consequently, it must 
be concluded in agreement with Winterhalter that: »It is thus evident, that the ter-
restrially derived material can hardly account for the total amount of sedimentation». 
Winterhalter emphasises that, owing to land uplift, the erosional activity of waves 
became operational and led to redeposition. Post-glacial redeposition has been 
reported by other investigators, for example by Heino (1973), from the subaquatic 
sediments of the Archipelago Sea. The grinding of pebbles through the action of 
waves and other erosional factors effective in shallow zones have also increased the 
amount of fine matter (cf. p. 71). The percentage of biogenic substances in Litorina 
sediments is higher than that of sediments depositing today (lerbo 1961). The rate 
of sedimentation was also markedly higher in those days than it is now (Ignatius 
1958 a), and owing to the construction of dams, the concentration of solids in rivers 
is lower nowadays than it was during earlier stages of the Baltic Sea. The dams cause 
fluvial sediments to deposit into dam basins, as demonstrated by Kauppi (1975) 
and Mansikkaniemi (1974). Hence, the values obtained from determinations of the 
solids are too low when referring to transport of sediments during 8 500 or 7 000 
years. The quality of the river water. may have changed considerably in the course 
of time, since owing to the differences in the rate of land uplift the gradient of the 
river beds was formerly steeper. »The excessive amount» of sediments in the Gulf 
of Bothnia may also be due in part to the methods used (the concentrations of solids 
in rivers refer to dry matter whereas in the quantitative calculations based on echo-
sounding data the interstitial water is included). In any case, there are still numbers 
of interesting problems to be studied and solved with reference to the balance of 
post-glacial and present-day sediments in the Bothnian Bay. 
5. CONCLUDING REMARKS 
Current opinion has it that the basin of the Bothnian Bay had largely attained 
its present shape before the Cambrian. Having been covered with Paleozoic sediments, 
the bedrock is now once more close to the surface of the bottom. Even so, the floor 
of the Bothnian Bay still exhibits fotnian sandstone and shale beds that extend onto 
the island of Hailuoto and the mainland of Finland near Oulu. Thus, pre-glacial 
and glacial erosion was less intense in the basin of the Bothnian Bay than in the 
surrounding mainland. It can be deduced from the geomorphologic orientation of 
the bottom, however, that during the glaciations, the depression of the Bothnian 
Bay forced southwards the glacial ice advancing from the northwest. 
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Many river valleys directed towards the Bothnian Bay seem to continue on the 
sea floor down to a depth of 80 m, which suggests that the surface area of the ancient 
Bothnian Bay, or the lake that occupied this site, was smaller than the present one. 
It is also feasible that the river system continued southwards or southeastwards 
without a central lake or sea gulf. The thick beds of recent sediments prevent detailed 
observations from being made on the topography of the bedrock in the deepest 
areas. The river system is connected with the fracture tectonics of the Bothnian Bay 
and its surroundings, and hence, it is not possible to say for sure to what extent 
the valley system is due to streams or glacial erosion. 
Of Hailuoto the valley system includes a network of almost parallel canyons 
developed into a flat bottom. This is probably a unique topographical feature in the 
whole of Scandinavia. With the methods used, it yvas not possible to establish the 
origin of these structures. Morphology and lithological observations suggest even 
Bolian erosion, but denudation of sandstone as a result of glacial or fluvial erosion 
should not be discounted. Yet another possibility, where the floor is covered by a 
sand deposit several tens of metres thick, is that the formation is a fluvial valley 
system that developed during the closing stage of the Ice Age. 
The rate of land uplift, 9 to 10 mm/a, in the Bothnian Bay area is the highest in 
Fennoscandia. Geophysicists maintain that upheaval takes place blockvise along 
old fracture lines radially directed towards the Bothnian Bay. The echo-sounding 
profiles show that the eastern Bothnian Bay in particular tilts stepwise towards the 
depression. The bending points form »hinges» parallel to the coast line and these 
may act as the sides of the uplifting blocks. By mapping the tectonic lines in the 
bedrock and locating the epicentres of earthquakes it might be possible to shed light 
on the character of the land uplift. Post-glacial land upheaval has played a substantial 
role in depositing the sediments. 
On the basis of echograms and bottom samples, the sediments on the sea floor 
were classified into three main types as marked on the map: silts, sands and till. The 
silt sediments can be subdivided into two subtypes that do not differ much from 
each other in composition: the extensive silts in the central basin and the silts with 
small surface area in the littoral depressions. The deepest till occurrences, overlain 
by silt and abundant iron manganese concretions, are considered as a till subtype. 
Silt sediments covered by sand also abound in the Bothnian Bay. 
The Bothnian Bay is free from the pure clay bottoms that prevail elsewhere in 
the Baltic Sea. Nowhere in the Bothnian Bay is the water so stagnant as to allow the 
pure clay fraction to deposit permanently. 
The typical black or dark colour of the silts is caused by the relatively large amount 
of allochthonous organic matter, which undergoes decomposition in the deposits. 
The till is not of the common type but partly sorted and recognisable as till prima-
rily on account of the topography typical of till. The sand-covered silt bottoms marked 
on the sediment map, and which often occur between the silt areas and the till 
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zones, were formed through the erosional action and transport of moving water. 
The sand bottoms, which are connected with sand occurrences on the mainland, 
derive often from numerous eskers levelled by littoral forces and from which the sand 
spread out around the original esker. The Lohtaja esker is the only indisputably 
glacifluvial formation; it has levelled on the coast and in the shallow water but, deeper 
down, it continues as a well-defined esker on the floor of the Bothnian Bay. . 
About one half of the floor of the Bothnian Bay is under the influence of erosion. 
As a rule, the erosion zone extends to a depth of 60 to 70 m, but locally down to 
a depth of 80 m. The material discharged by rivers from the mainland and the 
minerogenic matter ground by the action of waves on the shallow bottoms are trans-
ported to the central parts of the sea and to the littoral depressions where the silt 
fraction may deposit permanently (Fig. 39). Some of the finer matter migrates with the 
net southerly flow of water to south of the Quark. The shallow bottoms between the 
accumulation area and the littoral zone are areas of weaker erosion. The more coarse 
matter deposits here and it is thus a transitory zone for fine-grained matter. The 
Quark and the areas north of it as well as the bottoms of the eastern Bothnian Bay 
form large, uninterrupted erosional areas, partly because of the shallowness of the 
area and partly because the energy of the currents flowing through the Quark to 
the Bothnian Bay is directed to the bottoms of these areas. The macrotopography 
of the sea floor controls these currents in such a way that the counterclockwise flow 
typical of the Bothnian Bay turns westwards at the ridge between Lohtaja and Röd-
kallen and only the surface currentreaches the northern Bothnian Bay. This is a 
partial explanation for the lack of sediment deposition on the ridge. At the same 
time, the ridge is the principal site of iron manganese concretions. North of the 
ridge the area is subject to intense sedimentation, because the movements of water 
are less vigorous and the big rivers discharge abundant depositing material. 
The effect of the energy released by waves in the shallowest parts of the Bothnian 
Bay is demonstrated in the levelling of the Lohtaja esker in waters shallower than 
about 10 m. Internal waves may have an effect on the sedimentation in the deepest 
depressions. Even though the internal waves have not been studied in the Bothnian 
Bay, their occurrence at depths of 40 to 70 m is highly probable, particularly in the 
autumn, when the turbulents in the water and the flow associated with waves may 
prevent finest sediments from depositing. 
Depending on the methods employed and the location, the rate of sedimentation 
in the Bothnian Bay has been estimated at 0.6 to 1.9 mm/a. The velocity is of the same 
order of magnitude as elsewhere in the Baltic Sea. Echo-sounding data indicate that 
since the Ice Age, about 250 X 109 tons of silt sediments have deposited in the areas 
of active accumulation in the Bothnian Bay. This amount is 10 to 15 times as high 
as that of suspended solids transported by rivers, computed on the basis of the con-
tents of suspended solids in present-day rivers. Winterhalter (1972) reached a similar 
conclusion in his study of the Bothnian Sea. The »surplus» of sediments in the Both-
nian Bay may be attributed to redeposition due to land uplift and to the formation 
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of fine-grained sediments through the action of littoral processes. The profiles of 
the rivers running to the Bothnian Bay have been levelled as a result of land uplift 
and so some of the solids suspended in rivers have deposited in present-day inland 
lakes. The construction of dams in rivers in the past few decades has had the same 
effect and solids have started to deposit in the basins rather than reach the Bothnian 
Bay. 
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Fig. 39. The profile of the bottom across the southern Bothnian Bay 
between the Tankkari lighthouse and Bjuröklubb. The silt blanket 
on the bedrock and till is locally over 15 m thick. Although generally 
thickest in the western Bothnian Bay, on this profile the silt sediment 
exhibits the opposite trend. 
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ANNEX I 
Field observations (positions are given as Decca co-ordinates in some cases) 
Position Depth m Type of bottom Position Depth m Typc of bottom 
65°09'00"NT 121 Stones, gravel, sand 65°02'54"N 40 Sandy silt 
23°12'00"E 25°15'18"E 
65°23'30"N 48 Brown sand 65°23'00"N 92 Sandy silt with some coarse sand 
23°28'00"E 23°19'00"E 
65°04'30"N 17 Sand 65°32'30"N 27 Sandy silt and some coarse sand 
24°17'00"E 24°39'00"E 
65°07'00"N 18 Sand 65°13'00"N 47 Coarse and fine sand including 
24°07'OO"E 23°51'00"E a small amount of silt 
65°1O'00"N 65°18'00"N 30 Sandy silt and coarse sand 
23°54'00"E 18 Coarse sand 25°03'00"E 
65°14'00"N 65°3230N 21 Silty sand with a small amount 
23°41'00"E 58 Clay, flat concretions 24°24'30"E of coarse sand and gravel 
65°25'00"N 62 Fine sand, clay, stones 65°41'17°N 14 Sandy silt 
23°14'00"E 24°12'00"E 
65°02'00"N 23 Stones 65°44'20"N 9 Sandy silt 
21°47'30"E 24°40'06"E 
64°59'00"N 45 Clay, round concretions F 09,0 	G 44,8 86 Sandy silt 
22°03'00"E 
E 00,0 	A 37,0 107 Sandy silt 
64°56'00"N 68 Clay, some concretions 
22°26'00"E D 16,0 	A 44,3 87 Sandy silt 
64°49'00"N 80 Round and flat concretions 64°43'00"N 92 Brownish mud, stones 
23°1 O'00"E 21°52'00E 
64°56'00"N 20 Fine sand 2-3 cm, under hard 64°54'00"N 60 Blue clay with a brown surface 
24°20'00"E clay 21°38'00"E 
65°06'15"N 20 Coarse gravel 64°52'30"N 66 Fine 	sand, 	flat 	concretions, 
24°59'00"E 22°27'00"E stones encircled by concretions, 
silt, gravel 
65°01'OO"N 68 Clay 
23°39'00"E 64°51'30"N 78 Coarse sand, 	gravel, 	flat 	con- 
22°37'00"E cretions 
64°56'00"N 101 Clay 
23°19'00"E 64°51'30"N 78 Brownish clay, large round 
22°47'00"E concretions 
64°5100N 79 Clay, round concretions 
22°59'00"E 65°51'00"N 80 Flat and round concretions 
23°00'30"E 
64°46'30"N 
22°40'00"E 
91 Clay 
64°51'00"N 78 Stones, 	flat 	concretions 	and 
23°09'30"E stones encircled by concretions 
65°28'30°N 31 Sandy silt 64°51'30"N 90-92 Flat and round nodules on clay 
24°45'00"E 23°13'00"E bottom 
65°29'30"N 23-28 Sandy silt at 23 m, silty sand and 64°54'00"N 83 Brown mud, small round 
24°41'00"E coarse sand at 28 m 23°25'00"E nodules 
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Position Depth m Type of bottom Position Depth m Type of bottom 
64°58'30N 80-86 Brown mud, stones with con- 63°33'40"N 45 Sandy silt 
23°28'00"E cretions 21°27'00"E 
64°47'00N 82 Brown silt, gravel, flat concre- 63°33'00"N 37 Clay, sand, stones 
23°12'00"E tions 21°24'00"E 
64°40'30"N 70 Fine sand, some flat concretions 65°26'30"N 76 Soft, 	black 	and 	greenish 	clay 
23°06'00"E 22°53'00"E with a brown surface 
64°34'00"N 85 Soft sulphide-clay with a brown 65°24'30"N 91 Soft, dark green mud with a 
22°58'30"E ooze surface 23°00'00"E brown surface layer 
64°19'00"IST 58 Brown 	ooze, 	silt, 	gravel, 	flat 65°21'00"N 76 Soft, dark green mud with a 
22°38'00"E nodules 23°13'00"E bro\vr, surface layer 
64°00'00"N 45 Brown clayey silt, brown ooze 65°17'50"N 78 Concretions, 	gravel, 	sand, 	silt 
22°44'00"E on the surface 23°25'00"E 
64°06'00"N 86 Stratified sulphide-containing 65°17'50"N 33 Stones 
22°26'00"E soft clay, brown surface of ooze 23°23'00"E 
64°12'00"N 110-120 Stratified sulphide and grey clay 65°10'00"N 22 Hard bottom (no samples) 
22°04'00"E with a brown surface-ooze 23°56'00"E 
63°57'00"NT 70 Mud 	and clay with sulphide- 65°07'00"N 14 Stones, gravel 
21°45'30"E striation 24°07'00"E 
63°55'00"N 65 Silt, sand, ooze 64°33'30"N 74 Muddy clay 
21°43'00"E 23°13'00"E 
64°42'00"N 80 Fine 	sand, 	concretions, 	some 64°07'00"N 21 Fine sand, silt 
22°20'30"E stones 23°17'00"E 
64°36'00"N 106 Soft clay 64°33'00"N 33 Flat 	concretions, 	sand, 	some 
22°01'00"E 23°13'00"E stones 
64°30'50"N 38 Stiff 	clay, 	concretions, 	small 64°11'00"N 33-51 33 m: medium sand — 51 m: 
21°41'18"E stones 22°55'00"E sand, flat concretions 
64°28'30"N 80 Concretions 64°13'10"N 72 Soft clay with a brown surface 
21°52'00"E 22°43'50"E layer 
64°20'40"N 102 Clay 64°18'00"N 108 Soft clay with a brown surface 
22°07'00"E 22°21'00"E layer 
64°13'00"N 88 Clay, with a stiff, brown surface 64°21'00"N 104 Soft clay with a more compact 
22°21'00"E layer 22°06'00"E brown surface layer 
64°03'30"M 48 Stones, silt, clay 64°23'30"N 85 Round concretions, clay 
22°39'00"E 21°53'00"E 
63°59'00"N 32 Sand, stones 64°24'00"N 53 Medium and coarse sand 
22°32'00"E 21°49'00"E 
63°54'30"N 38 Fine sand 64°25'00"N 82 Sulphide clay with an oxydized 
22°21'00"E 22°55'00"E surface layer 
63°48'10"N 29 Fine sand 64°34'00N 95 Sulphide clay with an oxydized 
22°08'00"E 23°00'00"E surface layer 
63°39'00"N 38 Fine and medium sand 64°42'00"N 80 Flat concretions, fine sand 
21°47'00"E 23°05'00"E 
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Position 	 Depth ni Type of bottom 
64°51'00"N 85 Clay, 	round 	concretions, 	fine 
23°10'00"E sand 
65°23'30N 87 Soft clay with a brown surface 
23°28'00"E layer, fine sand 
65°26'00"N 78 Soft clay and mud with sulphide- 
23°16'00"E clay stripes 
65°14'00"N 57 Soft clay and mud with sulphide- 
22°57'00"E clay stripes 
64°56'00"N 72 Brown ooze, silt, small round 
22°28'00"E concretions 
64°51'00"N 59 Sand, flat concretions, gravel 
22°18'00"E 
64°42'30"N 113 Mud 
22°04'00"E 
D 21,50 J 38,38 86 Silty clay, round concretions 
D 21,56 J 	35,14 74 Brown 	ooze 	on 	the 	surface, 
beneath 	silty 	clay 	and 	round 
concretions 
E 01,50 J 33,23 147 Coarse sand, soft clay 
E 01,50 J 41,97 68 Brown soft clay, silt, concre- 
tions 
D 18,23 H 30,00 77 Ooze, round concretions 
C 19,5 	I-3 31,0 94 Sulphide 	clay 	with 	oxydized 
surface layer (5 mm) 
D 20,0 	H 30,0 77 Stones, 	ooze, 	round 	and 	flat 
concretions 
64°41'00"N 27-30 Stones, gravel, coarse sand 
24°05'00"E 
J 36,0 	D 06,0 59 Brown clay, round concretions 
D 07,0 	B 36,5 75-80 Soft clay and mud, thin nodules 
E 12,18 A 31,69 76 Silt 
E 09,0 	A 30,0 76 Silty clay, a light brown surface 
layer 
65°18'00"N 27 Sulphide clay with a brown oxy- 
25°03'00"E dized surface layer (5-6 cm) 
65°29'30"N 18-28 18 m: stones-23 m: silt-28 m: 
24°41'20"E ooze and silt, brown surface 
65°32'00"N 	16-2716 m: stones-27 m: sulphide 
24°39'00"E clay 
Position 	 Depth m 'type of bottom 
E 21,7 J 38,0 27-53 27, 30, and 47 m: fine sand 
53 m: silt and gyttja 
D 21,00 E 64,00 62 Soft clay 
F 05,10 F 72,20 33-38 33 m: stones - 38 m: sulphide 
clay with an oxydized surface 
layer 
E 22,85 A 39,00 23 Coarse sand 
E 18,20 A 39,00 15 Coarse sand 
E 08,35 A 43,12 43 Silt, sand 
E 04.07 A 45,60 68 Silt with sulphide-clay striations 
D 17,30 B 30,00 88 Soft muddy clay 
D 12,06 B 30,00 94 Muddy clay 
D 20,00 A 40,60 110 Muddy clay 
63°38'00"N 42 Fine sand 
21°24'00"E 
63°29'30"N 26 Stones 
21°22'30"E 
B 12,16 C 57,50 69 Silt, some small round concre- 
tions 
D 21,90 C 74,87 74 Silt, small round concretions 
F 05,92 C 77,12 69 Soft clay 
G 17,65 A 47,40 40 Coarse sand, gravel 
64°11'00"N 61 Soft clay with brown ooze on 
22°55'00"E the surface 
F 13,24 D 45,67 82 Clay, oxydized surface layer. 
F 02,72 E 46,06 95 Silty clay, brown ooze layer on 
the surface 
F 10,55 I 	46,44 23 Sand 
F 01,50 I 	32,50 22 Sand, gravel 
D 11,43 B 36,28 66 Sulphide-contaning clay with an 
oxydized surface layer 
E 03,40 A 39,28 90 Sulphide-clay with an oxydized 
surface layer 
F 19,00 I 	42,49 42 Silt, coarse sand and ooze on the 
surface, beneath grey clay and 
sulphide-clay 
65°23'00"N 28 Moraine 	bottom, iron-manga- 
24°53'30"E nese nodules 
Position 	 Depth m 	Type of bottom Position 	 Depth 	it 	Type of bottom 
E 22,51 J 34,86 18 Stones 65°32'30"N 16-27 16 m: stones - 27 m: sulphide 
24°39'00"E containing clay 
E 22,52 J 37,51 29 Coarse sand 
E 23,7 	I 38,0 27-53 27 m: fine sand - 30 m: fine 
E 22,48 J 40,65 50-51 Medium sand with thin brown sand - 47 m: fine sand - 53 m: 
surface layer of ooze silt, ooze 
E 22,55 J 44,47 35 Medium sand 64°41'00"N 27-30 Stones, gravel, coarse sand 
24°05'00"E 
E 22,54 J 46,32 15 Medium and fine sand 
D 20,0 	H 30,0 77 	Mud, 	stones, 	flat 	and 	round 
E 05,40 A 43,61 53 Medium sand concretions 
D 21,51 B 32,45 29 Fine and medium sand C 19,5 	H 31,0 94 	Sulphide containing mud with 
an oxydized surface layer (5 mm) 
D 21,50 J 30,85 81 Sand, silt 
H 36,00 C 12,00 59 	Brown clay, small round nodulae 
D 21,49 A 46,90 97 Sulphide-clay, brown ooze layer 
on the surface J 36,0 D 06,00 Hard bottom, no sample avail- 
able with van Veen sampler 
F 09,00 C 45,00 57 Fine sand 
A 39,00 D 12,00 Brown silt and clay, stones 
65°26'00"N Clay 
24°51'40"E 65°27'00"N 75-80 Soft gyttja-clay, thin concretions 
22°53'00"E 
65°28'30"N Clay, oxydized surface layer 
24°45'00"E 65°27'00"N 94 	Silt 
23°28'00"E 
65°29'30"N 18-28 18 	in: 	stones - 23 	nn: 	silt - 
24°41'20"E 28 m: gyttja-clay E 12,18 A 31,69 76 	Silt 
Samples collected by Prof. Pauli Bagge 
G 16,50 D 57,20 42 Silt E 11,55 J 47,35 60 -80 60 m: silt containing plenty of 
iron - 73 m: silt, beneath stripes 
E 10,35 C 31,20 112 Sulphide clay with an oxydized of sulphide clay - 80 m: silt 
surface layer containing iron 
H 01,71 C 45,44 52 Silt, clay, sulphide clay 65°44'002N 5 	Sand, plenty of organic detritus 
24°33'002E 
I 	11,75 D 36,45 18 Coarse sand 
E 17,80 H 30,70 89-90 Silt 
65°44'002N 
24°30'452E 
5 	Sand, sulphide-ooze 
G 18,00 G 38,30 26 Sand 
65°42'302N 4,3 Detritus, rests of wood 
F 12,00 I 	46,60 33 Silt 25°27'502E 
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ANNEX I1. The coordinates and depths for the sampling sites from which the grain size 
analyses of Fig. 22 were done 
Sampling site 	 Coordinates 	 Depth, m 
1 	..................................... 65°44'20"N 	24°40'06"E 9 
65°41'17"N 	24°12'00"E 14 
65°32'30"N 	24°24'00"E 20 
4 	..................................... 65°32'30"N 	24°39'00"E 27 
5 	..................................... 65°32'00"N 	24°34'00"E 41 
6 	..................................... E 22,85 A 39,00 28 
7 	..................................... 65°29'30"N 	24°41'00"E 28 
65°29'30"N 	24°41'00"E 23 
9 	..................................... 65°28'30"N 	24°45'00"E 31 
10 	..................................... E 18,20 A 38,92 15 
2 	...................................... 
11 	..................................... E 08,35 A 43,12 43 
3 	...................................... 
12 	..................................... E 05,00 A 45,10 68 
13 	..................................... D 17,30 B 30,15 88 
14 	..................................... 65°27'20"N 	22°53'00"E 75-80 
	
8 	...................................... 
15 	..................................... 65°23'00"N 	23°19'00'E 92 
16 	..................................... E 00,00 A 37,00 107 
17 	..................................... 65°19'00"N 	22°57'00"E 80 
18 	..................................... D 12,00 A 30,00 94 
19 	..................................... 65°17'00"N 	23°38'00"E 81 
20 	..................................... 65°13'00"N 	23°51'00"E 50 
21 	..................................:.. 65°13'00"N 	23°05'00"E 47 
650700"N 	24°11'00"E 33 
23 	..................................... 65°18'00"N 	25°03'00"E 30 
24 	..................................... 64°19'00"N 	24°08'00"E 27 
22 	...................................... 
25 	..................................... 64°41'00"N 	24°05'00"E 27-30 
26 	..................................... F 09,00 G 44,80 86 
27 	..................................... 64°51'00"N 	23°13'00"E 89 
28 	..................................... 63°55'00"N 	22°59'00"E 19 
29 	..................................... 64°11'00"N 	22°59'00"E 58 
30 	..................................... F 09,00 C 45,00 57 
31 	..................................... 64°16'00"N 	22°21'00"E 112 
32 	..................................... 63°44'00"N 	22°33'00"E 19 
33 	..................................... 63°48'00"N 	22°21'00"E 45 
34 	..................................... D 16,00 A 44,30 87 
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BOTTOM PHOTOGRAPHY USED TO STUDY OXYGEN 
CONDITIONS IN THE NORTHERN BALTIC SEA 
Lauri Niemistö 
	
Boris Winterhalter 
Institute of Marine Research 
	
Geological Survey of Finland 
Box 166, SF-00141 Helsinki 14 
	
SF-02150 Espoo 15 
Bottom photography of the Baltic deep basins may have potentialities as a 
means of obtaining additional information on the oxygen conditions at the 
sediment] eater interface. 
Owing to isostatic and eustatic sea level changes within the Baltic, the current 
pattern has varied considerably during the last 10 000 years, which has naturally 
caused both temporal and spatial variation in erosion and sedimentation (Winterhalter 
1976). The present day »basin filling» type of sedimentation generally occurring in 
the rather tranquil environment of the deep pacts of the Baltic proper can also be 
observed in sheltered basins within the shallow coastal area. Conversely, deep currents 
may prevent active sedimentation locally in the deep parts of the Baltic (Ignatius & 
Niemistö 1971). 
As the oxygen conditions near the bottom are closely dependent on the conditions 
of sedimentation, i.e. bottom currents, they may be expected to show similar varia-
tions. However, the water in contact with the bottom is difficult to sample in routine 
hydrographic surveys, and it therefore seemed worthwhile to test wether bottom photo-
graphy can provide additional information about the oxygen conditions. Accordingly, 
photographs of the bottom were talsen at a number of stations in the Northern Baltic 
during the cruise with the Finnish research vessel Aranda in August 1975. 
The apparatus used consisted of a Robot Star camera, flash electronics and a 
trigger weight, which is visible in the photographs presented in Figs. 1-6. The 
diameter of the compass bowl at the red base is 40 mm. Winterhalter (1970) gives 
a more detailed description of the photographic system. The pictures were taken on 
High Speed Ectachrome film. 
Both the near-bottom water samples and the photographs indicated an oxygen 
deficiency, which can be considered a rather typical phenomenon in the deepest parts 
of the Baltic proper and the Gulf of Finland, below the permanent halocline. 
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The oxygen concentrations above the bottom were very low, and the bottom 
photographs indicated anoxic conditions in the sediment/water interface. The oxygen 
concentrations at the stations photographed are presented in Table 1. No oxygen 
determination was made at St. LL-19 A, but the oxygen values recorded at stations 
LL-19 (58°53'N; 20°19'E) and F-80 (58°00'N; 19°14') situated in the Gotland Basin 
suggest that the oxygen concentration near the bottom at LL-19 A probably did 
not exceed 0.5 ml/1. A detailed report on the hydrographic conditions prevailing at 
the time of the present study will be published later in this series. 
In the routine hydrographic sampling performed on board the r/v Aranda it is 
difficult to determine exactly the height above the sea bottom of the lowermost 
sample. This is, however, of the utmost importance in studies of the oxygen con-
centrations in the sediment/water interface. Since there is reason to believe that the 
sediment surface has a potential oxygen demand, the curve of the vertical oxygen 
distribution near the sediment/water interface can be assumed to be strongly clino-
grade. The microstructure of the oxygen distribution deserves careful consideration 
in investigations of the zoobenthos of occasionally stagnant basins. Interest therefore 
attaches to the potentialities of photography suggested by the present results 
(P. 95). 
TABLE 1. Oxygen concentrations (mi/l) at the stations in the Northern Baltic where the bottom 
was photographed. 
Depth/m LL-9 LL-13 LL-1S LL-19 F-80 
0 	.................. 6.48 6.63 6.57 6.76 6.58 
20 	.................. - - 6.89 5.90 6.42 
40 	.................. 5.78 7.51 7.65 7.52 7.67 
60 	.................. -- 5.78 6.05 7.75 7.23 
63 	.................. 3.27 - - - - 
80 	.................. - 1.66 1.63 2.10 1.04 
97 	.................. - 0.28 - - - 
100 	.................. - - 0.75 0.43 0.47 
120 	.................. - - 0.32 - - 
125 	.................. - - - 0.36 0.18 
150 	.................. - - - 0.59 0.09 
163 	.................. - - -- 027 - 
180 	.................. - - - - 000 
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Fig. 1. Station LL 19 A (58°21' 20°05) depth 126 m. The slightly sloping bottom is 
covered with a thin accumulation of soft sediment except for the exposed area in 
the upper left part of the picture. The blackish colour of the sediment indicates 
anoxic conditions at the sediment surface. 
Fig. 2. Station LL 19 A (Some 10 m downslope from Fig. 1) depth 128 m. As the 
amount of organic matter is generally negligible, the black colour typical of recent 
and subrecent sediments in anoxic conditions is lacking. However, the light grayish 
patches, especially in the right foreground, may be assumed to represent colonies 
of sulphur bacteria, which can be considered evidence of a very steep oxygen gradient. 
Fig. 3. Station LL 19 A (Some 10 m further downslope from Fig. 2) depth 130 m. 
As in Fig. 1, the substratum is covered with a thin layer of soft mobile sediment. 
The patchy black colouring of the bottom surface is probably due to the uneven 
distribution of the mobile layer. 
Fig. 4. Station LL 15 (59°45' 21°45') depth 109 m. The bottom consists of soft recent 
sediment. The high content of decaying organic matter has led to the intense for-
mation of black pigment, probably consisting of metal monosulphides. The question 
of monosulphides in sediments has been discussed by Papunen (1968). The oxygen 
concentration some 11 m above the sea bottom was 0.75 ml/l. 
Fig. 5. Station LL 13 (59°22' 22°28') depth 101 m. The brownish colouring of the 
surface of the bottom is due to metal oxides (iron oxy-hydrates). The patchy distri-
bution of the faintly exposed blackish substratum may be interpreted as evidence 
of stagnation, i.e. reduction of metal oxides at the sediment surface. The oxygen 
content some 4 m above the sea bottom was 0.28 mI/I. 
Fig. 6. Station LL 9 (59°41' 24°02') depth 68 m. The soft sediment exhibits a 
brownish iron oxy-hydrate surface typical of oxidizing conditions. The grayish 
patches are probably colonies of sulphur bacteria, which indicate that the oxygen 
conditions are slightly better than the deteriorating conditions in Fig. 5. The black 
colour of the sediment disturbed by the trigger weight shows that the oxidized 
layer is not very thick. The oxygen concentration some 5 m above the sediment 
surface was 3.27 ml/l. 
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EFFECT OF FIXATION WITH FORMALIN AND LUGOL'S 
SOLUTION ON 14C MEASUREMENTS OF 
PHYTOPLANKTON PRODUCTION 
Pasi 0. Lehmusluoto 	 Åke Niemi 
Department of Limnology 	 Institute of Marine Research 
00710 Helsinki 71 	 Box 166, 00141 Helsinki 14 
The effect of formalin (0.5 ml concd formalin/100 ml sample) and Lugol's 
solution (2-5 drops/100 ml sample), used to arrest metabolism in primary 
production measurements, was examined in experiments with natural brackish-
water phytoplankton. Comparison with the results obtained with unfixed 
samples filtered immediately after incubation showed that these fixatives 
lowered production measurements by c. 10 %. 
Earlier observations have suggested that in special conditions, e.g. when very 
sensitive algae (naked flagellates) make up the bulk of the phytoplankton, the use 
of formalin to arrest metabolism has decisively lowered primary production values 
measured by the 14 C method (Steemann Nielsen 1975: 95, Hällfors & Niemi 1974, 
Ilmavirta 1974). However, in routine work, e.g. on board research vessels, it is 
seldom possible to filter the samples immediately after incubation. For that reason 
it has been recommended (Lassig & Niemi 1972) that metabolism should be arrested 
by the addition of concentrated formalin. The experiments reported on below con-
tribute to elucidate the effect of formalin and Lugol's solution on measurements 
of primary production. 
Material and methods 
Experiments were made separately in Helsinki and Tvärminne with natural brackish-water 
phytoplankton taken from the archipelago. 
Helsinki: Water samples were collected from the surface at Laajalahti (inner archipelago, heavily 
eutrophied) and from the Katajaluoto area (sea zone, undisturbed, cf. Lehmusluoto& Pesonen 
1973). The Laajalahti plankton consisted chiefly of blue-green algae, the composition of the 
plankton from I{atajaluoto was not studied. 
Tvärminne: Water samples were collected from the surface at Tvärminne Storfjärd (un-
disturbed, Niemi 1973) in 1970 and 1973. In 1970 October, the plankton consisted chiefly 
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of diatoms, and armoured and unarmoured dinoflagellates (chlorophyll a concentration 1.5 
pg/l); in 1973 August, blue-green algae and cryptomonads were abundant (chlorophyll a con-
centration C. 3 ug/l). 
After the addition of 1 (Helsinki) or 2 (Tvärminne) /t.Ci (= 37 and 74 kBq) 14C to 
each 100-m1 sample, the bottles were incubated in the laboratory for 4 hours. Metabolism 
was then arrested with 0.5 ml coned formalin (c. 40 % formol)/100 ml sample or Lugol's 
solution (2-5 drops/100 ml sample; for the composition of Lugol's solution, see Schwoerbel 
1970). After fixation, the samples were stored in darkness at room temperature. Unfixed 
samples were filtered immediately after incubation and used as controls; other unfixed samples 
were stored for different periods. 
The mean production values were calculated from four measurements for the Helsinki and 
Tvärminne 1973 samples, from five for the Tvärminne 1970 samples and from eight for the 
Tvärminne controls. 
TABLE 1. Effect of fixation with formalin and Lugol's solution on primary production measure-
ments (for details, see methods). The results are given as percentages of the value obtained 
with unfixed samples filtered immediately after incubation (= 100). 
Helsinki 
Laajalahti 4. 7. 	1973 Katajaluoto 4. 7. 	1973 
leours stored 
before 	filtr. 
unfixed formalin Lugol unfixed Lugol 
• 100 100 100 100 100 
1 	.................. 96 96 98 — 96 
2 	.................. 93 96 96 93 96 
3 	.................. 93 92 97 73 94 
4 	.................. 94 94 — — 95 
5 	.................. 91 94 92 63 94 
6 	.................. 91 94 87 57 93 
72 	.................. — — 81 49 92 
96 	.................. — — 84 — - 
120 	.................. 89 87 — — — 
Tudraniuue 
14.8. 	1973 17.8. 	1973 25. 10. 	1970 
hours stored 
before 	filts. 
formalin Lugol formalin Lugol 
100 100 100 100 
0 	.................. 95 93 95 94 
2 	.................. — 90 — - 
3 	.................. 93 — — - 
4 	.................. — 91 — - 
6 	.................. 85 85 — - 
8 	.................. — 92 — - 
10 	.................. — 95 — - 
12 	.................. 84 — — - 
24 	.................. 86 — — - 
48 	.................. 86 — — - 
72 	.................. 84 — — - 
96 	.................. 90 — — - 
120 	.................. 86 — — — 
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Results 
The results of the experiments are given in Table 1. Comparison with the controls 
indicates that the fixation of natural phytoplankton with formalin lowered the 14 C 
primary production values by c. 10 %. In some cases the values seem to decrease 
still further if the preserved samples remain unfiltered for more than c. 6 hours. 
The experiments carried out in Helsinki (Lehmusluoto) and Tvärminne (Niemi) 
gave fairly similar results. Lugol's solution had about the same effect as formalin. 
Great changes may occur in unpreserved samples stored in darkness. 
Conclusions 
— If possible, the samples should be filtered immediately after incubation without 
any fixative. 
— In routine work where immediate filtration of samples is impossible, 0.5 ml 
concd formalin/100 ml sample can be used as fixative (recommended by the Baltic 
Marine Biologists, see Gargas 1975: 66), but this will lower the production values 
by about 10 %. 
— Lugol's solution can also be used and the decrease in the production values 
is then about the same as with formalin. 
— When fixatives have been used, the samples should be filtered within c. 6 hours. 
— The effect of these fixatives should be investigated further with different 
phytoplankton populations. 
HgCl2 has also been used for arresting metabolism, e.g. by Sen Gupta (1972), 
but Lars Edler (see Ackerfors & Lindahl 1975: 11) has shown that this fixative 
may be disastrous for algae and should be avoided. 
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SYNOPTIC SURVEY OF THE HYDROGRAPHY OF THE 
ÅLAND SEA IN 1973 
Ilmo Hela t 
Institute of Marine Research 
In 1973, the Institute of Marine Research devoted more time than usual to a 
synoptic survey of the Åland Sea. The results of this work are presented in 
some 180 charts, available in microfiches, giving the isothermal, isohaline and 
isopycnic curves at the depth levels of 0, 10, 20, 30, 40, 50 and 60 metres. 
A number of conclusions can be drawn from these charts and comparisons 
between them. It is hoped that the dynamics of the Åland Sea can be studied 
in another paper on the basis of the representation of the mass field, that is, 
by means of the transversal, longitudinal and vertical gradients, using the 
isopycninc curves as starting points. 
FOREWORD 
In 1973, the Institute of Marine Research, Helsinki, Finland, decided to devote 
much more time than usual to a synoptic — both hydrographic and chemical -
survey of the Aland Sea, the waters situated between the Baltic Sea proper and the 
Gulf of Bothnia. Numerous storms made the number of successful survey periods 
lower than that originally hoped for. Nevertheless, the data obtained are of a kind 
not generally available and should prove useful for various studies. 
The stations occupied for the survey can be seen in Fig. 1: stations FÅ 2, FÅ 3 
FA 4, FA 5, FÅ 6, FÅ 7, FA 8, FÅ 9, FA 10, FÅ 11, FÅ 12, FA 13, FA 14, FÅ 15, 
F 64, FÅ 16, FÅ 17, and FÅ 18. (The station FÅ 3 was occasionally replaced by 
the nearby FÅ 3a.) Some other auxiliary stations were used as can be seen in the 
data lists. In some cases it was impossible to occupy all the above stations. The 
survey periods were as follows: 
June 9-10, June 15-17, June 18-19 
July 5-6, July 12-13 (6 stations only), July 20 (5 stations only) 
August 5-6, August 15-16 (11 stations only) 
November 18-20 (7 stations only), November 27-28. 
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During the various cruises, several senior scientists of the Institute of Marine 
Research were in charge of the field work. Dr. Folke Koroleff was in charge of the 
chemistry work and the related calculations. 
In early 1975, the author undertook to scrutinize the data in question, and the 
final data lists have been corrected by him. In spite of his retirement on 1 June 1975, 
he also undertook to present the main part of the hydrographic data in a cartographic 
form, which perhaps gives a better view of the synoptic situations and dynamics 
than data lists or many other forms of presentation. His work includes the synoptic 
charts for temperature, salinity and density at depths of 0, 10, 20, 30, 40, 50 and 
60 metres. (By means of vertical comparison of the charts many erroneous data 
could be found and corrected.) — The ink drawing of some 180 synoptic charts 
was performed by Miss Anneli Niemi of this Institute with great skill. 
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Fig. 1. The Åland Sea. The hydrographic stations 2-18 and F 64 have been 
used in this study. 
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This paper merely presents the material that was obtained, that is, besides the 
synoptic charts, it gives only a brief explanation of the synoptic, hydrographic survey 
performed in 1973. The material should lead to further studies on: 1) the actual 
dynamic results of the investigation, 2) the chemistry of the Åland Sea, especially 
of its deeper parts. 
It may be noted that a number of current measurements also performed in the 
Åland Sea in 1973 have been published by Ehlin & Ambjörn (1974). 
A. INTRODUCTION 
The waters separating the Gulf of Bothnia from the Baltic proper are: 
1) the Archipelago Sea, in the east, which lies between the Åland Islands and 
the mainland of Finland and is characterized by its relative shallowness and 
thousands of islands, and 
2) the Åland Sea, in the west, situated between the east coast of Sweden and the 
Åland Islands and characterized by its relative deepness and lack of islands. 
A further difference between the two seas is that the longitudinal distance is 
much shorter over the Åland Sea than over the Archipelago Sea. 
The water exchange between the Baltic proper and the Gulf of Bothnia obviously 
proceeds through both the Archipelago Sea and the Åland Sea, but because of the 
differences listed above the character of the exchange is very different. 
On the average, the water exchange through the Archipelago Sea proceeds 
towards the north. No doubt the actual currents generally do not deviate much 
from the resulting average in this sea area. The main deviations may be due to strong 
northerly winds causing southerly drift, and to exceptionally large hydraulic heads 
between the Gulf of Bothnia and the Baltic proper; however, the detaining effect 
of the thousands of islands should make this effect relatively insignificant. 
The water exchange through the deeper and open Åland Sea proceeds in a very 
different manner. The resulting currents are characterized mainly by a strong south-
bound current along the east coast of Sweden and by a relatively weaker north-
bound, much less regular current along the western coast of the main Åland Islands. 
A perhaps even more important characteristic is the relatively continuous flushing 
going on between the Gulf of Bothnia and the Baltic proper. The factors bringing 
about this significant water exchange are the following: 
1. Tidal currents 
The tidal currents of the Baltic Sea are negligible from the point of view of 
our study. 
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2. Hydrological currents 
2 a. Hydrological currents brought about by the rivers discharging their waters 
into the Gulf of Bothnia 
The hydrological currents brought about by the numerous rivers discharging 
their waters in the Gulf of Bothnia can be estimated from the monthly discharge 
values published by the hydrological institutes of Sweden and Finland. 
2 b. Hydrological currents caused in the Åland Sea by the hydraulic head, due 
mainly to large-scale wind fields 
The significant hydrological currents caused in the Åland Sea by the hydraulic 
head, due mainly to large-scale wind fields, could be estimated from the daily sea-
level data covering the sea areas in question. 
3. Currents due lo meteorological factors 
The effect of the currents due to meteorological factors dominates over that of 
the other currents in the Åland Sea. For this reason, no effort has been made in this 
descriptive paper to present the effects of the meteorological and hydrological 
currents separately. 
The state of pollution — and possible efforts to improve the situation — in the 
Gulf'of Bothnia and in particular in the Bothnian Sea are urgent problems for Sweden 
and Finland. For this reason, much research effort is devoted to the study of various 
scientific questions relating to the whole of this sea area. In these studies due attention 
must obviously also be given to the exchange of water and water-borne substances 
between the Gulf of Bothnia and the Baltic proper through both the Åland Sea 
and the Archipelago Sea. In the following, the Archipelago Sea will be excluded 
and only the Åland Sea will be dealt with. 
B. HALOCLINE OF THE ÅLAND SEA 
., ; The .funnel-shaped form of the Åland Sea — combined with the other factors 
mentioned. briefly above — makes it clear that the water movements, both large-scale 
and: istrall-scale, normally vary very much. With a sufficient amount of appropriate 
data, from different parts of the Åland Sea, one could prepare useful presentations 
of the various hydrographic aspects of this sea area. The first and simplest step in 
this effort will be to say something about the halocline. Because of the factors already 
mentioned the depth of the halocline is bound to vary very much. These variations 
are connected with all the water movements, both horizontal and vertical. 
., We do not have data to obtain a complete picture of the variations of the halocline, 
especially since practically all the existing data have been collected in the summertime. 
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During the wintertime, if a strong southerly storm occurs, the southern part of 
the Åland Sea may be filled with water from the Baltic 'proper. One may then con-
sider that the halocline in this area of the Åland Sea will reach the surface. On the 
other hand, when strong northerly storms occur during the wintertime, the halocline 
in the water between the Gulf of Bothnia and the Baltic proper could appear, say, 
at a depth of 75 metres, but obviously its depth is bound to vary very much. 
A general picture of the range of the year-to-year variations of the summer 
halocline in the Åland Sea can be obtained from the relatively regular annual hydro-
graphic casts at Station F 64 (60°12'N 19°07'E). The casts were made only in the 
summer and not even every year, so that their reliability is far from perfect. The 
approximate result is -H = 80+ 40 metres. One of the conclusions that may be 
drawn from this result is that current measurements performed at a depth of 40 
metres are normally above the halocline, but can exceptionally also be below it. 
The actual day-to-day variations in the depth of the halocline are certainly less 
pronounced in summer than in winter. When a number of possibilities, many of 
them rather laborious, had been tried, it was decided that the computations should 
include the depth of the regional halocline over the whole Åland Sea in each survey 
period. A control that deserved mentioning is the minimum of the vertical tempera-
ture, which yvas identical with the depth of the halocline. 
In the summer and late autumn of 1973, the regional average depth of the 
halocline sank approximately with a constant gradient in time, dZH/dt =0.115 m/day, 
starting from the depth of 100 metres, and can be approximated by an equation 
'ZH = 100 in 	0.115 (1-100) m. Such a rather regular sinking of the halocline 
in summer cannot yet be taken as a rule since only one case is available to show 
the possible trend! 
— More important for our purpose is that in 1973 the halocline appeared at or 
below 100 metres. All the topographies near this depth appeared rather horizontal. 
When the synoptic charts were selected for inclusion in the microfiches, it was felt 
sufficient to limit them to 0-60 metres, since the topographies close to the halocline 
were relatively featureless. 
All the water movements in the Åland Sea vary. One can, however, observe 
one schematic but clear distinction between the waters under and above the halocline. 
Below the halocline the water movements seem to be mainly northerly, occasionally 
regular but occasionally pulsatory (c.f. Hela 1958, 1973). Above the halocline — 
because of the meteorological and hydrological factors — the water movements 
vary rapidly. 
The more or less unknown changes in the depth of the halocline — with the 
vertical water movements and with the horizontal currents — are bound to affect 
the hydrological and meteorological water exchanges as well. This fact makes all 
the interpretations of the data even more difficult. Some different methods have 
been tried to this end, with varying success. In the following an effort is made to 
106 
describe the water movements in the upper layers by means of synoptic charts, 
(Microfiches of the charts can be found in an envelope in the back cover of this 
paper.) 
C. CORRELATION BETWEEN THE SYNOPTIC RECORDS AND THE 
WEATHER DATA OF THE SURVEY PERIODS 
It would be advantageous if the isopycnic lines could somehow be correlated 
with the weather data. This is worth trying although the results will prove meagre. 
Two (or three) possible approaches exist. 
— The synoptic weather charts could be correlated with the distribution of the 
mass in the Aland Sea. However, this could be done only in the case of severe storms 
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(when hydrographic observations cannot be madel); with weaker winds, the small 
size of the Åland Sea generally makes such efforts vain. 
— The charts could be correlated with wind measurements. On a very small 
lighthouse island, Märket, 60°18'40"N 19°09'00"E in the northernmost part of the 
Åland Sea, the winds (see the Annex) were measured daily in a reliable manner at 
8h, 14h and 20". The ispycninc lines of the uppermost water layers should deviate 
to the right of the wind direction. But the correlations can obviously not be expected 
to be perfect, since the topographies are drawn from data covering some 24 hours 
or even more, since the wind data are few and only from the northernmost part 
of the Åland Sea and since changes in both sets of data occur rather frequently and 
not necessarily in the same rhythm. The hydrographic casts from stations 17 and 
18 are necessary if more or less reliable isopycnic lines are to be drawn not too far 
from the wind station Märket. Both these stations were occupied during periods 
1, 2, 3, 4 and 10 only. On an average, the direction of the isopycnic line deviated 
some 25° to the right, as expected. This result cannot be taken as real proof of the 
above argument, but at least does not disprove it. 
— A correlation could be sought with some momentary current measurements 
(Ehlin & Ambjörn 1974), listed together with the wind data in the Annex: Stations 
S 2, 60°16.6'N 18°57.0'E 
S 3, 60°18.2'N 18°59.0'E 
S 4, 60°17.9'N 19° 4.7'E 
For reasons of continuity, bottom topography, etc, the correlation between 
these current data and the topographies cannot normally be remarkable. The data 
are given mainly for the information of the reader. 
D. RESULTS 
The material is presented in the charts in the microfiches (since some readers 
may not have time to examine the microfiches, three of the charts are reproduced 
as Figs. 2, 3 and 4). 
The synoptic representations of the temperature and the salinty are interesting 
as such and do not require any verbal explanation for their interpretation. 
The synoptic representation of the isopycnic curves at various levels is the main 
result so far. Since the isohaline curves present the mass field, the representations 
can be taken to be detailed current fields (provided that proper account is taken of 
major vertical movement areas). Thus an approach is provided to a detailed study 
of the dynamics of the current fields of the Åland Sea. 
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One of the most interesting phenomena is the common open sea upwelling. 
»Geostrophic transversal upwelling, produced internally by an alongshore current, 
with the upwelling appearing on the left side of the current» (cf. Fig. 3). The example 
taken obviously cannot be typical but rather shows how exceptional and interesting 
the mass field can be, as a result of various, simultaneous factors. — In the final 
study of the dynamics, upwelling is bound to be one of the most interesting features. 
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60` 
Notel 
The pocket on the back covet of this paper contains two microfiches giving all the 
synoptic density charts. Analogous microfiches for temperature and salinity may be ordered 
from the Institute at the cost price. 
110 
ANNEX 
Momentary wind at Märket and current data from the northernmost part of the Åland Sea 
current observations, station S2 	current observations, station S3 
wind at Market 
8 m 	40m 	80 m 	8 m 	40 m 	80m 
dir. force/vd. 	dir. cm/s 	dir. em/s 	dir. cm/s dir. cm/s 	dir. em/s 	dir. em/s 
date and time 
(EET) 
1° 1973-06-09 08 
09 14 
09 20 
2° 1973-06-15 20 
16 08 
16 14 
16 20 
30 1973-06-18 14 
18 20 
19 08 
19 14 
40 1973-07-05 08 
05 14 
05 20 
50 1973-07-12 14 
12 20 
6° 1973-07-19 20 
20 08 
70 1973-08-05 08 
05 14 
05 20 
06 08 
8° 1973-08-15 20 
16 08 
90 1973-11-18 08 
18 14 
18 20 
19 08 
19 14 
19 20 
100  1973-11-27 08 
27 14 
27 20 
28 08 
— 242 	8 
244 19 
— 247 14 
-- — — 263 15 
— — -- 240 10 
-- -- 254 	7 
-- -- 271 	11 
—.--- -- 254 10 
-- -- 194 	6 
-- -- 218 	6 
-- -- 208 	6 
-- -- 178 	4 
-- -- 243 	8 
242 27 -- 163 	6 
144 31 -- 292 	8 
172 23 --- 273 11 
26 37 -- 294 19 
170 40 -- 144 13 
194 	3 301 10 242 	4 
121 43 358 	8 243 31 
286 41 350 	8 248 27 
83 29 307 	8 254 26 
349 65 320 41 266 29 
17 65 358 16 275 25 
181 57 142 15 185 20 
187 19 33 14 14 14 
195 30 28 17 34 16 
229 28 35 15 31 	13 
338 20 33 16 31 	17 
271 22 45 14 31 	13 
273 23 37 	8 201 	7 
258 10 40 17 21 	15 
168 13 34 14 6 11 
236 11 182 	6 219 	8 
202 18 49 	4 201 	8 
144 22 51 	10 34 	8 
178 19 258 	5 213 23 
343 24 278 10 206 12 
235 24 -- -- 
26629 -- 
19919 54 	6 30 10 
13 14 36 13 42 13 
37 38 29 19 30 20 
185 33 202 20 216 40 
98 	8 7 10 28 11 
-- 197 	8 201 	4 
360 6 bf. 
360 5 » 
320 4 » 
320 4 bf. 
360 6 » 
360 5 » 
320 3 tt 
360 3 bf. 
360 3 » 
320 2 » 
360 2 » 
230 2 bf. 
180 1 » 
180 2 » 
180 2 bf. 
180 3 » 
320 4 bf. 
090 6 » 
230 6 bf. 
230 6 » 
180 6 » 
230 7 » 
180 1 bf. 
180 1 » 
320 	9 m/s 
270 	7 » 
230 	7 tt 
180 17 » 
180 13 » 
230 	7 » 
360 	14 m/s 
360 	12 » 
320 11 tt 
360 	9 » 
The Åland Sea. Hydrographic, synoptic charts for 1973 at depths of 0, 10, 20, 
30, 40, 50 and 60 metres. 
Merentutkirnusla i i o:; 
Lolcero 14166 
Helsinki 14 
F=.IayslorsIcnizigsinstitutet 
lack 14166 
I.lclsingfors 1.4 
InsituLc of • 1V.taU:iilC licsea ;li 
Box 14166 
Helsinki 14, Finland 
